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Nanotechnology techniques are enabling food scientists to create functional ingredients with
micro- and nanostructures, displaying unique properties that are finding applications in
encapsulation of bioactive compounds/phytochemicals, food flavors, essential oils, and other
important high value ingredients. The ability of edible proteins and polysaccharides to fabricate
different nanostructures was investigated using three different methods: 1) desolvation using water
as solvent, and acetone, ethanol and methanol as non-solvent agents, 2) complex coacervation
using the combination of two biopolymer polyelectrolytes, and 3) layer-by-layer deposition
technique to fabricate nanotubes using the combination of two biopolymer polyelectrolytes. These
nanoparticles were evaluated for their capacity to encapsulate and deliver curcumin as a model for
hydrophobic bioactive compounds.
First, desolvation was used to fabricate spherical nanoparticles from ovalbumin (OVA) and αlactalbumin (LAC) using different solvent/non-solvent volume ratios (1:3, 1:4, 1:5, 1:10, and 1:20).
In this study, the effects of protein solution temperature (25 ℃, 50 ℃, and 80 ℃) and desolvating
agent types (acetone, methanol or ethanol) on the size of nanoparticles and their stability for 30
days were studied. The optimization of these parameters permitted the fabrication of sub-100 nm
OVA particles using simple desolvation method for the first time, while high-quality α-lactalbumin
particles were achieved without using many separation steps as determined by DLS and SEM. This
study provided important information regarding the manufacture parameters for production of
nanoparticles with desired characteristics using the desolvation method.

Second, the interaction between two pairs of biopolymer polyelectrolytes was evaluated and used
to fabricate nanoparticles using complex coacervation. BSA and poly-D-lysine (PDL) were used
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to obtain soluble coacervate nanoparticles at pH 7. It was found that the particle size was affected
by the molecular weight of PDL, the mass ratio of polyelectrolytes (PEs), and salt concentration.
Nanoparticles were fabricated by mixing BSA and PDL with low (LMW-PDL) and high molecular
weights (HMW-PDL). The smallest nanoparticles with relatively spherical shapes had a diameter
of ~200 nm, as confirmed by DLS and SEM. The encapsulation efficiency (EE) of curcumin of
these particles was dependent on the curcumin to BSA molar ratio. The highest EE of 60% was
achieved with a curcumin to BSA molar ratio of 10 with a loading capacity of 22 µg of curcumin
per mg of coacervate nanoparticles. These curcumin-loaded BSA:LMW-PDL nanoparticles were
found to be fairly stable over a period of 21 days. To gain more insights on the mechanism of
interaction and the effects of molar charge ratio and order of addition on the formation of
polyelectrolyte complexes (PECs), sodium alginate and chitosan were used as biopolymer
polyelectrolytes at pH 4. Through ITC and DLS, it was demonstrated that the stoichiometry and
enthalpy of reactions were strongly affected by the order of addition and influenced the average
particle size and zeta potential of PECs. The addition of alginate (-) into chitosan (+) gave
positively charged particles and resulted in stronger interactions characterized by larger enthalpy
and entropy of complexation, which led to smaller particles. Additionally, the regularity in shape
and particle size was also affected by the selected charge ratio as observed in the SEM images.
The smallest PECs were obtained when alginate was added into chitosan at a charge ratio of 0.1.
Overall, these studies offer new and clearer mechanistic insights with new explanations related to
how the polyelectrolyte complexes are formed and how the thermodynamic forces define the
particle size and particle size distribution as a function of molar charge ratio and order of addition.

The last part of this research studied the transition from PECs to polyelectrolyte nanolayers. The
constitutive interactions between two polyelectrolytes and their ability to form nanotubes using
the layer-by-layer deposition technique were evaluated and then divided into two parts. First, BSA
and sodium alginate were used to study and optimize the manufacture parameters necessary to
form nanotubes at diameters of 200, 400, 600 and 800 nm. It was found that the formation of
nanotubes was strongly influenced by the zeta potential difference, pore size of the template, flow
rates through the template and the concentration and ratio of each biopolymer. DLS and specially
ITC results showed that most of the driving force of the interaction between BSA and sodium
alginate at pH 3 and 4 was electrostatically driven, while strong electrostatic repulsion occurred at
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pH 6 and 7, where nanotubes were not formed. This information was then used to fabricate
nanotubes from BSA/κ-carrageenan and α-lactalbumin/chitosan at pH 4 and 7, respectively. The
topography and nano-mechanical properties of these nanotubes were characterized using AFM.
The mechanical properties of the nanotubes were affected by their diameter as well as the type of
polyelectrolytes used during their fabrication. BSA/CAR nanotubes were more robust than
nanotubes fabricated with LAC/CHI. The entrapment/encapsulation ability of these nanotubes was
also evaluated using curcumin. These nanotubes achieved entrapment efficiencies around 40-45%
with subsequent release in physiological conditions. The curcumin-loaded nanotubes exhibited a
concentration-dependent toxicity on HeLa cells with no apparent differences between the two
types of nanotubes or their diameter. The cell viability values obtained were near 60-65% when
the concentration of encapsulated curcumin was 60 μg/ml.

In general, this research proved that nanotechnology techniques using edible biopolymers can be
used to fabricate nanostructures with different geometries that offer a repertoire of flexible carrier
systems to encapsulate and deliver bioactive compounds. The findings of this research, therefore,
can be used to control the manufacturing parameters of different nanoparticles using edible
biopolymers with different chemical properties.

1

LITERATURE REVIEW

This literature review will be published partly as part of the chapter “Advances in food
functionality and packaging using nanotechnology” in the book “Food Applications of
Nanotechnology" (CRC Press book)”.

1.1

Introduction

Nanotechnology tools permit food scientists to manipulate the properties of some functional
ingredients to create diverse edible micro- and nanostructures displaying unique properties that are
finding applications in food packaging, encapsulation of bioactive compounds or phytochemicals,
food flavors, essential oils, and other important functional ingredients in the industry. Some food
components are inherently found in the nanoscale in food products. These include proteins,
starches, and added food gums with particle sizes ranging from nano to micrometers (Dhital,
Shrestha, & Gidley, 2010; Funami et al., 2005; Vardhanabhuti & Allen Foegeding, 2008). During
processing, these components undergo physical and chemical changes that can reduce or increase
their size and even changes its intrinsic properties to impart desired sensory or rheological
properties to the bulk food products (Mahmoudi, Axelos, & Riaublanc, 2011; Wijayanti Heni B.,
Bansal Nidhi, & Deeth Hilton C., 2014). The novelty of food nanotechnology consists of using
edible biopolymers or other molecules found in food to develop nanostructures with controlled
properties and small size distributions that can lead to unique properties and functionalities. The
behavior of food components at the nanoscale sometimes changes abruptly below a critical size
and these “new” and improved properties can be used to develop strategies and technologies that
can improve food quality, shelf life stability, and convey health benefits for the consumers (Cushen,
Kerry, Morris, Cruz-Romero, & Cummins, 2012).
Consumer’s demand for functional and health promoting products is rising; the food industry has
to accelerate the development of technologies for the proper incorporation of edible natural
molecules that promote health into everyday food products. Utilization of edible biopolymers or
functional ingredients is one of the most efficient and sustainable alternatives for this purpose.
Examples include micro- and nanoparticles engineered with edible biopolymers and different
techniques including nano-precipitation or desolvation method (Arroyo-Maya et al., 2012; Donsì,
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Voudouris, Veen, & Velikov, 2017; Etorki, Gao, Sadeghi, Maldonado-Mejia, & Kokini, 2016;
Rohollah Sadeghi, Daniella, Uzun, & Kokini, 2017), coacervation or formation of polyelectrolyte
complexes (Calderón-Oliver, Pedroza-Islas, Escalona-Buendía, Pedraza-Chaverri, & PonceAlquicira, 2017; Siow & Ong, 2013), emulsification (Comunian et al., 2013; Santos, Bozza,
Thomazini, & Favaro-Trindade, 2015), and nanotubes (Fuciños et al., 2017; Yang, He, Duan, Cui,
& Li, 2007). In this chapter, the advances of food based-nanotechnology and in particular the
formation of functional nanoparticles is reviewed leading to insights on the interaction between
food biopolymer and the effect of these interactions on their nano-mechanical properties to develop
supplements and improve the encapsulation of bioactive compounds, essential oils, natural
colorants and other functional ingredients in the food industry.

1.2

Development and application of single biopolymer micro- and nanoparticles

Edible biopolymers including proteins and polysaccharides from different natural sources can be
used to fabricate single biopolymer micro- or nanoparticles. These particles made out of natural
molecules offer many advantages over metallic or inorganic nanoparticles because they are
intrinsically biocompatible, have low or no toxicity and many of them are Generally recognized
as safe (GRAS) materials (Chen, Li, & Tang, 2015; Fan, Yan, Xu, & Ni, 2012).
One of the most commonly used and manageable methods for the fabrication of single biopolymer
micro- or nanoparticles is the desolvation method also known as nano-precipitation, which consist
on adding a desolvating agent (bad solvent for the molecule being transformed) or non-solvent
into the completely dissolved or dispersed solution of protein or polysaccharide (Langer et al.,
2003). The continuous and controlled addition of a desolvating agent generates a reduction of the
solubility of the biopolymer that leads to precipitation followed by aggregation and consequently
a phase separation characterized by increasing turbidity of the solution is observed. The
desolvation method enables the formation of small and stable colloidal systems with particle sizes
lower than 200 nm (Elzoghby, Samy, & Elgindy, 2012). The versatility of this method allows the
fabrication of nanoparticles from different sources including biopolymers that easily dissolve in
aqueous solutions or non-polar solvents. Examples include fabrication of nanoparticles from αlactalbumin and ovalbumin, two polar proteins easily soluble in aqueous solutions (Etorki et al.,
2016), or nanoparticles from a hydrophobic protein such as zein (Patel, Hu, Tiwari, & Velikov,
2010). When the desolvation method is used, the particle size can be tuned by controlling
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parameters such as type of desolvating agent, chemical composition and concentration of the
biopolymer, pH of the biopolymer solution, ionic strength, temperature, mixing parameters and
addition of crosslinker (Langer et al., 2003; R. Sadeghi et al., 2014; Etorki et al., 2016; Rohollah
Sadeghi et al., 2017). In the last years there have been a tremendous development in the fabrication
of nanoparticles with a multitude of different properties that can find applicability in food products.
1.2.1 Protein-based nanoparticles
Albumins are generally water-soluble globular proteins found in different animal sources; these
proteins have been shown to form quite regular spherical nanoparticles. Nanoparticles made from
albumins from milk protein (alpha-lactalbumin), egg white (ovalbumin) and blood serum (bovine
or human serum albumin) have been used for different applications in the biomedical and food
sector (Choi & Meghani, 2016; Etorki et al., 2016; Sponton, Perez, Ramel, & Santiago, 2017).
Recently, alpha-lactalbumin (LAC) and ovalbumin (OVA) particles with sizes in the range of 100200 nm (Figure 1) were developed in our laboratory by using the desolvation method with different
desolvating agents including ethanol, methanol and acetone. The particle size was controlled by
fine tuning the operational parameters and produced fairly monodispersed nanoparticles with the
potential to encapsulate and deliver bioactive compounds through the formulation of edible
products. The type of non-solvent had a profound impact on the size and properties of nanoparticles.
For example, the particle sizes of alpha-lactalbumin and ovalbumin were smaller than 100 nm
when methanol was used as the desolvating agent. It was found that the size and morphology of
the particles were affected when the protein solutions were heated up to 50 and 80 ◦C (Etorki et
al., 2016).

Figure 1. SEM images of α-LA nanoparticles (a) and ovalbumin (b) prepared with ethanol.
Adapted from ref Etorki et al., (2016), with permission from John Wiley & Sons.
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Another technique used for the formation of OVA or egg white proteins (EWP) based
nanoparticles is the heat-induced treatment at alkaline pH. In this technique, the aggregation of the
proteins is induced due to conformational changes induced by the heat. Other parameters including
pH and ionic strength also influence the extent of aggregation (Nicolai & Durand, 2013). Using
this technique, nanoparticles in the size range of 10-140 nm have been produced (Nyemb et al.,
2014). More recently, heat-induced denaturation and nanoparticulation was utilized to produce
nanovehicles using a formulation of commercial egg white (Sponton et al., 2017) that can easily
find applications in the food sector. These egg white protein nanovehicles were used to encapsulate
linoleic acid (LA) and it was found that the heat treatment of the protein dispersions increased the
LA binding capacity, especially in pH range of 9.6–10.8.
Another important protein is bovine serum albumins (BSA) that have demonstrated the capability
to produce nanoparticles is. BSA is water soluble with hydrophobic pockets capable of binding
and carrying hydrophobic compounds, such as fatty acids. BSA has been widely used for its ability
to produce sub-nanoparticles. These nanoparticles also have the potential to encapsulate and
efficiently deliver hydrophilic or hydrophobic compounds with increased bioavailability
properties (Bujacz, 2012; Paik et al., 2013; Walzem, Dillard, & German, 2002). BSA nanoparticles
have been successfully fabricated using different variation of the desolvation method with ethanol,
acetone or methanol as non-solvents. For example, in early studies BSA nanoparticles were
fabricated using a modified desolvation method. In this study, calcium (Ca) was introduced in the
BSA particles and used as a model of bioactive molecule. Researchers were able to control the size
and the surface-area to volume-ratio of the BSA and Ca-loaded BSA nanoparticles by adjusting
the pH, NaCl and protein concentration. They found that pH is the most important parameter that
affects the coagulation of BSA molecules during desolvation. By controlling these parameters,
they were able to produce BSA nanoparticles with different sizes in the range of 100-900 nm (Jun
et al., 2011). These nanoparticles were fabricated with the goal of using them in different
applications in the food and pharmaceutical industries as nanocarriers and their biodegradable and
non-toxic properties, which allow them to adapt to the human body. Other studies have focused
their efforts on improving the stability of the BSA nanoparticles as well as encapsulating foodderived bioactive compounds such as curcumin (R. Sadeghi et al., 2014), modifying the surface of
the nanoparticles with transferrin or hyaluronic acid to enhance their cellular uptake (Choi &
Meghani, 2016), and scaling up the manufacturing of these nanoparticles using a membrane
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contactor technique (Yedomon, Fessi, & Charcosset, 2013). In this latter example, the BSA
nanoparticles were manufactured using up to 10 g BSA and obtaining reproducible sizes around
145 nm with a polydispersity index (PDI) value around 0.08.
Another widely used food-based protein is corn zein, a highly hydrophobic protein soluble in
ethanol, propanol, acetic acid and insoluble in water (Y. Li et al., 2012; Shukla & Cheryan, 2001).
Zein is generally recognized as safe (GRAS) with unique solubility properties in % ethanol,
glacial acetic acid and others that can be utilized for the production of micro- or nanoparticles with
enhanced surface properties for the encapsulation and delivery of highly hydrophobic drugs or
bioactive compounds (Luo Yangchao & Wang Qin, 2014). Several approaches have been studied
to produce zein nanoparticles including desolvation method. Solid zein nanoparticles have been
produced using alcohol solutions (ethanol, methanol or isopropanol) as the solvent and water as
the non-solvent during the desolvation process. The average particle size obtained was in the range
of 100–150 nm depending on the solvent used (Patel et al., 2010). Due to its versatility and
hydrophobic properties, zein nanoparticles produced with diverse techniques are considered a
promising material for the encapsulation and delivery of bioactive compounds including curcumin
(Gomez-Estaca, Balaguer, Gavara, & Hernandez-Munoz, 2012; Patel et al., 2010), cranberry
procyanidins (Zou, Li, Percival, Bonard, & Gu, 2012) or hydrophilic compounds such as
epigallocatechin gallate (Donsì et al., 2017).
1.2.2 Polysaccharide-based nanoparticles
Polysaccharides are biopolymeric carbohydrates highly abundant in nature and very important
components in the food industry. These components are considered a low-cost biomaterial,
biodegradable, and with diverse intrinsic functional properties depending on the source. One
important non-starch polysaccharide is chitosan, a polycationic biopolymer derived from the
deacetylation of chitin. Chitin is the second most abundant polysaccharide after cellulose; it is
naturally found in the exoskeleton of crustaceans, insects, some fungi, and algae. Chitosan itself
is formed by deacetylated units (β-(1-4)-D-glucosamine) and acetylated units (N-acetyl-Dglucosamine) (Sudarshan, Hoover, & Knorr, 1992; Tolaimate et al., 2000; Younes & Rinaudo,
2015). The preparation of nanoparticles from chitosan normally takes advantage of the natural
cationic properties of the molecules and its ability to form gels in the presence of specific
polyanions. Ionic cross-linking method has become one of the most studied systems because is
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relatively simple, versatile and effective, conserving the characteristics of chitosan, but reducing
and stabilizing the particle size greatly (Xu & Du, 2003). This method of nanoparticulation is also
known as ionotropic gelation because chitosan is induced to form nanogels with the addition of
sodium tripolyphosphate (TPP) (Janes, Fresneau, Marazuela, Fabra, & Alonso, 2001; H. Liu &
Gao, 2009). Nanoparticles produced through this method can produce particle sizes in the range
of 20-200 nm. The size is mainly controlled by the molecular weight of the chitosan and ratio
between chitosan concentration and TPP. Other factors, such as ionic strength and surface charge
are still influenced by the intrinsic properties of the chitosan used (Xu & Du, 2003; Jonassen,
Kjøniksen, & Hiorth, 2012). The novelty of this method is that particle size and surface charge of
the nanoparticles can be controlled by changing the fabrication conditions like pH of the solvent,
Chitosan/TPP ratio, concentration and MW (H. Liu & Gao, 2009).
These nanoparticles have also found application as potential carriers for bioactive compounds. For
example, they have used to encapsulate, improve the bioavailability and deliver quercetin in vitro.
The encapsulation of quercetin did not affect the integrity of chitosan nanoparticles as it was
observed through atomic force microscopy (AFM) that the nanoparticles were uniform and with
ellipsoidal in shape before and after loading of quercetin. The particle size of these quercetinloaded chitosan nanoparticles was around 70-80 nm.(Zhang Yuying, Yang Yan, Tang Kai, Hu
Xing, & Zou Guolin, 2007). Another food-based polysaccharide able to produce nanoparticles is
starch. Different methods including desolvation, combination of hydrolysis and sonication, highpressure homogenization, and emulsion-crosslinking have been used to produce starch
nanoparticles (Kim, Park, & Lim, 2015). Recently, different types of starches including normal
(75/25 amylopectin/amylose ratio), Amioca (99% amylopectin), Hylon VII (70% amylose), and
Hylon V (55% amylose) were used to produce nanoparticles using the desolvation technique. In
this study, they found that the smallest nanoparticles were fabricated when methanol was used as
the non-solvent. Corn starch produced the most uniform particles when ethanol was used as the
non-solvent. These nanoparticles had an average diameter of 98.8 ± 1.8 nm. Scanning electron
microscopy (SEM) images showed that particle size ranged between 60 and 90 nm, as presented
in Figure 2 (Sadeghi et al., 2017).
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Figure 2. SEM images of starch nanoparticles A) Normal corn starch with ethanol; B) Amioca
with ethanol; C) Hylon V with ethanol; D) Hylon VII with ethanol. Reprinted from ref. Sadeghi et
al., (2017), with permission from Elsevier.
1.3

Fabrication of micro- and nanoparticles using polyelectrolyte complexation (PEC)

Polyelectrolyte complexation between two biopolymers is one of the methods used for the
fabrication of particles in the nano- or microscale that can eventually be used for the encapsulation
and subsequent improvement of the solubility, bioavailability and delivery of a wide range of
bioactive compounds including drugs. These complex particles can be fabricated using
combinations

of

protein-polysaccharides,

protein-polypeptides,

protein-protein

or

polysaccharides-polysaccharides (Deka, Deka, Bora, Jha, & Kakati, 2016; Milanović, Petrović,
Sovilj, & Katona, 2014; C. Schmitt & Turgeon, 2011); each of these combinations offer different
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surface properties that can be exploited for different applications. The biopolymers used can also
be GRAS, non-toxic, biocompatible, and biodegradable. Complex coacervation can occur between
two soluble and oppositely charged polyelectrolyte biopolymers (PEs) to form a colloidal
dispersion as shown schematically in Figure 3 (Sarika, Pavithran, & James, 2015).

Figure 3. Schematic diagram of the formation of polyelectrolyte complexes of cationized gelatin
and gum arabic. Reprinted from ref. Sarika et al., (2015), with permission from Elsevier.
Strong electrostatic interactions are the most predominant interaction forces for the formation of
complex coacervates, but other secondary bonding interactions (hydrophobic interactions,
hydrogen bonds) may also be present (Schatz, Domard, Viton, Pichot, & Delair, 2004; Zuanon,
Malacrida, & Telis, 2013; Comert, Malanowski, Azarikia, & Dubin, 2016). The free energy of the
system will determine the colloidal stability or aggregation of the particles leading to
insolubilization or a liquid–liquid, liquid-solid macroscopic phase separation that gives rise to
coacervate droplets that can coexist with a dilute phase (Turgeon, Schmitt, & Sanchez, 2007;
Comert et al., 2016). This complexation process gives rise to nano- or microparticles with specific
structures, size distribution and diverse composition. The complexation process can be
enthalpically driven and this can be attributed to electrostatic interactions that will depend on the
charge density of the polyelectrolytes and the molar charge ratio between the reacting
polyelectrolytes (Girard, Turgeon, & Gauthier, 2003).
On the other hand, entropic factors can also play an important role on the complexation process.
These entropic factors are attributed to the molecular weight of the polyelectrolytes, their structural
arrangement, or degree of substitution (De Kruif, Weinbreck, & De Vries, 2004; Lombardo et al.,
2017). The presence of different polyelectrolyte biopolymers facilitates the formation of
coacervates with a wide range of useful functionalities for the development of complex food
products (C. Schmitt & Turgeon, 2011). For example, in Figure 4 casein (CAS) and gum
tragacanth (GT) were used to microencapsulate β-carotene. These microcapsules were found to
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control the release of β-carotene as well to improve its stability and prolonged the antioxidant
activity for more than 60 days. The complex coacervation process was found to be optimal at a
casein:gum tragacanth ratio of 2 and pH 4.35 (Jain, Thakur, Ghoshal, Katare, & Shivhare, 2016).
The variable and somewhat controllable surface properties of the coacervates has generated
interest in the design and development of tunable carrier systems for nutraceuticals or bioactive
compounds, especially those hydrophobic molecules with low water solubility.

Figure 4. SEM photomicrographs of β-carotene loaded microcapsules prepared with Casein
(CAS)–gum tragacanth (GT). Reprinted from ref. Jain et al., (2016), with permission from Elsevier.
The combination of two or more biopolymers generates a complex particle with enhanced surface
properties. The individual as well as the synergistic properties of the biopolymers are considered
to produce an enhanced particle that can be used to improve emulsion stability in foods (Dickinson,
2009), encapsulation and delivery of bioactive compounds or essential oils (Jun-xia, Hai-yan, &
Jian, 2011; Zuanon et al., 2013), or cartilage mimics (Blocher & Perry, 2017). For example, the
ability of zein and caseinate to produce complex nanoparticles was studied at different pHs and
temperatures. In this system, a third biopolymer, pectin, was introduced to act as a coating material
and form zein/caseinate/pectin complexes. It was found that hydrophobic as well as electrostatic
interactions were the main driving force for the formation of these complex nanoparticles
exhibiting spherical shape and particle sizes smaller than 200 nm (C. Chang, Wang, Hu, & Luo,
2017). The intrinsic properties of this particular combination of biopolymers allow the potential
encapsulation of highly hydrophobic compounds. Protein/polysaccharide complexes made out of
soybean protein isolate (SPI) and gum Arabic, two ingredients that are frequently used in the food
industry, have been utilized to protect and retain the flavor of sweet orange oil. The interaction
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between these two biopolymers permitted the fabrication of microcapsules with sizes ranging 7
μm that allowed flavor retentions up to 90 % for D-limonene (Jun-xia et al., 2011). Recently,
coacervate microparticles were produced by spontaneous co-assembly of lactoferrin (LF) and βlactoglobulin (BLG) with the objective of entrapping vitamin B9 and offer an enhanced method
for the delivery of important nutrients through natural and functional foods (Chapeau et al., 2016).
Complex coacervation has demonstrated to be an important technique with many applications in
the food sector. Those proteins and polysaccharides with the desired polyelectrolytic properties
are regularly used as food ingredients can be combined to form complexes with enhanced
properties to maintain or improve the quality of other functional molecules and offer food products
with better nutritional value, sensory properties and extended shelf-life.

1.4

Development and application of biopolymer –based nanotubes

In the last decade the field of nanotechnology has provide us with numerous nano-structures for
diverse applications. From these structures, biocompatible nanotubes (BNTs) have emerged as an
interesting tool for the encapsulation and delivery of bioactive compounds, molecular tagging, and
entrapment of microorganisms to mention a few (Nair, Nakano, Ito, & Abe, 2013; R. Sadeghi et
al., 2013; Y. Yang et al., 2007; Yuge, Akiyama, & Komatsu, 2014). Traditionally, nanotubes have
been fabricated with different materials such as carbon, metals, and organic polymers due to their
broad range of potential applications (Hou et al., 2004; Collins et al., 1997). However, recently
toxicity of these materials has been brought into question (Allegri et al., 2016; Kostarelos, 2008;
Y. Liu, Zhao, Sun, & Chen, 2013). Fabrication of these particles, made from edible polymers,
results in a repertoire of flexible delivery systems with controlled surface properties that enable
their tailored use as carriers of a variety of bioactive compounds. Also, a wide variety of
biopolymers and biomaterials including proteins, polysaccharides, surfactants, lipids, and
nanoparticles have attracted scientists due to their low toxicity, biodegradability and
biocompatibility (Azzaroni & Lau, 2011; Hou, Wang, & Martin, 2005; Yajun Wang, Angelatos,
& Caruso, 2008). Bionanotubes can be fabricated through the template-assisted assembly by using
the layer-by-layer (LbL) technique. The LbL deposition technique is a unique method to fabricate
nanodelivery systems with controlled size and surface properties (Lu, Ai, & Li, 2005).
The primary mechanism of interaction between layers is electrostatic forces by deposition of
opposite charged biopolymers alternatively. For the template-assisted assembly, nanoporous
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membranes like track-etched poly-carbonate (TEPC) are commonly utilized due to their straight
and cylindrical shape of nanopores. The length and the outer diameter of nanotubes can be
modified by changing the pore diameter and the thickness of templates. The two open-ends are
useful for the loading and delivery of bioactive compounds. Also, the diameter and number
deposited layers can be controlled. With all this, researchers have made few attempts to produce
nanotubes using food-based biopolymers. One example of these are the alginate/chitosan
nanotubes fabricated using the LbL technique (Figure 5). These nanotubes had a diameter of about
400 nm with a wall thickness of 40 nm. Researchers found that 4 bilayers was a suitable number
to accomplish a robust wall (Y. Yang et al., 2007). These nanotubes were able to internalize into
HeLa cells very easily without causing any significant damage showing a low material cytotoxicity.

Figure 5. SEM images of (ALG/CHI)8 nanotubes at different magnitudes (A, B). Reprinted from
ref. Yang et al., (2007), with permission from Elsevier.
However, the deposition of nanolayers in confined spaces and subsequent fabrication of nanotubes
have been found to be strongly influenced by the zeta potential difference between the biopolymers,
pore size of the template, flow rates of deposition and the concentration and ratio of each
biopolymer (Maldonado & Kokini, 2017). All these parameters can affect the correct deposition
of the nanolayers as well as the encapsulation properties of the nanotubes. In this sense, isothermal
titration calorimetry (ITC) is a technique that can be used to study the thermodynamics of
interactions between the biopolymers as well as the interaction between the biopolymer layers and
the encapsulated bioactive compounds.
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1.5

Isothermal titration calorimetry (ITC) to study the thermodynamic of interaction
between biopolymers and biopolymers with bioactive molecules

Isothermal titration calorimetry (ITC) is a powerful technique that can be used to study the
interaction between polyelectrolytes. The binding constant (Ka) gives a quantitative measure of
the strength and spontaneity of the interaction between two molecules and the stoichiometry (n)
between two polyelectrolytes defines the number of molecules of one polyelectrolyte necessary to
occupy all the biding sites of the other reacting polyelectrolyte (Damian, 2013). The enthalpy of
interaction between two polyelectrolytes is measured to understand and explain oppositely charged
polyelectrolyte complexation by injecting a small amount of one polyelectrolytes into a cell
containing the larger amount of the second polyelectrolyte. For this purpose, generally the smaller
molecule is injected gradually into the larger molecule while keeping the temperature constant
between the reference and sample cell. As the reaction proceeds the heat generated (exothermic)
or absorbed (endothermic) is measured during each injection. The experiment leads to
measurement of enthalpy of reaction, binding constant and stoichiometry after fitting a model
describing the binding process (R. Huang & Lau, 2016; Kayitmazer, 2017; Ren et al., 2016).
1.5.1 Interactions between biopolymer-biopolymer
There is a crucial role of the energetics of binding between polyelectrolytes on the stability and
potential application of the coacervates or LbL nanotubes for encapsulation and delivery purposes.
The ability of a charged biopolymer to interact and form electrostatic bonds with another
oppositely charged biopolymer has been studied previously using ITC to characterize the
associative interactions between proteins and polysaccharides during complex coacervation
processes. Various systems have been investigated including β-lactoglobulin/acacia gum
(Christophe Schmitt et al., 2005), ε-polylysine/pectin (Y. Chang, McLandsborough, &
McClements, 2011), ovalbumin/chitosan (Xiong et al., 2016), and β-lactoglobulin/κ-carrageenan
(Hosseini et al., 2013); however, its encapsulation properties were not studied.
On the other hand, the thermodynamics of binding at different temperatures can also be measured
with ITC, as in the case of the smaller whey protein α-lactalbumin and the oppositely charged
lysozyme. For this complexation process, it was found that the interaction led to the formation of
heterogeneous and amorphous aggregates at 5°C, while droplets, coacervate-like structures, were
formed at 45°C (Nigen, Croguennec, Renard, & Bouhallab, 2007). An example of an isotherm
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from the titration of acacia gum into β-lactoglobulin is shown in Figure 6 (Christophe Schmitt et
al., 2005). The integration of the area under each peak and the fitting with an adequate model
allows an accurate determination of the different thermodynamic parameters.

Figure 6. Thermogram of the titration between acacia gum and β-lactoglobulin at 25 °C and pH
4.2 (A). Binding isotherm corresponding to the titration experiment (B). Adapted from ref. Schmitt
et al., (2005), with permission from American Chemical Society.
ITC enables measurement of molar Gibbs free energy (ΔG), molar enthalpy change (ΔH) and
molar entropy change (ΔS) of interactions to offer insights on the type of bonding interactions
occurring between the biopolymer polyelectrolytes. A positive ΔH and ΔS is associated with
hydrophobic interactions, while a negative ΔH and ΔS is associated with hydrogen bonding and
van der Waals interactions. A very low positive or negative ΔH and positive ΔS is associated with
electrostatic interactions (Ross & Subramanian, 1981; Y.-Q. Wang et al., 2007).
1.5.2 Interactions between biopolymer and bioactive compounds
The binding of poor water-soluble compounds (i.e. curcumin and Vitamin D) as well as watersoluble bioactive molecules (i.e. ascorbic acid) with proteins has been studied before with ITC and
spectroscopic techniques (Basu & Suresh Kumar, 2014; Delavari et al., 2015; Hudson et al., 2018;
X. Li, Wang, Chen, & Lu, 2014). The variety of structures and binding sites found in proteins as
well as the variety of bioactive compounds found in foods may establish different types of
interactions due to their diverse hydrophilicity and hydrophobicity as well as their hydrogen
bonding ability (Bourvellec & Renard, 2012). The interaction between proteins and bioactive
compounds can affect the functionality of both proteins and bioactive compounds (Papadopoulou
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& Frazier, 2004). It has been shown that low water soluble bioactive compounds such as curcumin
can bind to water soluble proteins such as bovine serum albumin (BSA) or α-lactalbumin at a
binding stoichiometry close to a 1:1 (Das et al., 2017; Mohammadi & Moeeni, 2015). This binding
is possible through the intrinsic hydrophobic pockets found in the proteins (Bujacz, Zielinski, &
Sekula, 2014; Pike, Brew, & Acharya, 1996). Figure 7 shows an ITC isotherm of the titration of
curcumin into BSA. This interaction between curcumin and BSA can be described as weak
exothermic association and enthalpy driven indicating involvement of non-covalent interactions
between the protein and ligand (Das et al., 2017). It is important to study the thermodynamics of
binding between biopolymer- bioactives to understand their affinity towards each other and the
effect they may have on encapsulation and release properties from protein-polysaccharide colloidal
dispersion.

Figure 7. ITC profile (top) and heat data (bottom) of the titration of curcumin into BSA. Adapted
from ref. Das et al., (2017), with permission from Elsevier.

1.5.3 Binding models for analyzing ITC data
To analyze the experimental data obtained from the titration experiments with ITC and accurately
determine the thermodynamic parameters, a binding model has to be assumed, in which the
binding mechanism and the heat of reaction produced by the interaction of the macromolecule and
the ligand can be precisely described (Herrera & Winnik, 2013). The binding models are nonlinear
regression procedures that along with the model equations, can be fitted to the experimental data
to describe the physico-chemical and biological processes occurring in the calorimeter (Freyer &
Lewis, 2008). It is common that each ITC manufacturer provides a series of binding models that
can be used to analyze the experimental data. Some representative binding models that are
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normally embedded with the calorimeters include the one-site model for “n” identical binding sites,
two or multiple-independent binding sites, or cooperative binding, however, these models can vary
from manufacturer to manufacturer.
The one-site or independent model can be used to determine the interaction of “n” identical ligands
with another molecule or macromolecule that only has one binding site (1:1 complex formation)
(Freyer & Lewis, 2008). If the experimental data show more than one thermodynamic event and
could not be fitted with a simple model, then other alternatives that can be used include two-site
independent binding or sequential binding model. With the two-site binding model, it is assumed
that the ligand binds to two or multiple independent binding sites in the macromolecule and this
allows the calculation of the thermodynamic parameters for each binding site (Majonis et al., 2010).
On the other hand, cooperative interactions between molecules can also be studied with ITC. In
these type of interactions it is assumed that at least two binding sites are present on the
macromolecule (receptor) and the binding model can be used to determine the role of enthalpy and
entropy on the cooperativity between ligands (Calderone & Williams, 2001). Other binding models
consider the macromolecule as a chain of repeating units where the ligand can bind to overlapping
binding sites. An example of this is the McGhee-von Hippel and lattice model, which could be
used to discriminate between inter-molecular and cooperative interactions between molecules
(Kasimova, Velázquez-Campoy, & Nielsen, 2011). The selected model to analyze the
experimental data and obtain the most accurate values for the thermodynamics parameters will
depend on the experimental conditions and the type of interaction occurring between the reactant
molecules. It is expected that the model used will fit the data within the expected experimental
errors.

1.6

Atomic force microscopy (AFM) to study the topography and mechanical properties of
materials

Given the versatility of the micro- and nanostructures and the use of different biopolymer for their
fabrication, it is expected to find that their surface properties as well as their mechanical properties
vary significantly. Atomic force microscopy (AFM) can be used to measure and understand the
impact of the biopolymers on the stability and nano-mechanical properties of the different delivery
systems. AFM is a powerful and useful technique that can help us to study the topography, surface
and mechanical properties at the nanoscale level (Kemp, Harding, Cabral, Marini, & Wallace,
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2012). Other microscopic techniques such as SEM, TEM or CLSM only offer visual capabilities
to characterize the surface of the micro- or nanomaterials, but AFM, besides the topographic
characterization of the samples, can also allow the detection of intermolecular forces even at the
atomic molecular range (Rong, Pelling, Ryan, Gimzewski, & Friedlander, 2004). In the last years,
AFM has been used to determine the nano-mechanical properties of a broad spectrum of materials
including biological samples and biomaterials (Kasas, Longo, & Dietler, 2013; Rettler, Hoeppener,
Sigusch, & Schubert, 2013).
During the AFM experiments, the cantilever/probe can be operated as a nano-indenter that
interacts with the surface of the samples to generate force-distance curves that can be used to
determine important elastic mechanical properties (i.e. Young’s modulus)(Yoo, Reed, Shin, &
Demer, 2014). A schematic example of a force curve obtained after the AFM probe was pushed
into the surface of a sample is shown in Figure 8 (Wallace, 2012). The force-distance curves can
be obtained from different points in the sample and the AFM tip can be used to conduct a rasterscan to generate a map of the interactions between the tip and the sample surface. Each point in
the force map appears as an image pixel point that contains the information of a force-distance
curve specific for that area in the sample (Green et al., 2002). The information of each point can
be extracted and analyze together using different softwares such as WSXM (Horcas et al., 2007),
Gwyddion (Nečas & Klapetek, 2011), OpenFovea (Roduit et al., 2012) and AtomicJ
(Hermanowicz, Sarna, Burda, & Gabryś, 2014). Force mapping enables a complete analysis of a
surface and simultaneous results of Young’s modulus, sample thickness and adhesion forces can
be obtained (J. K. Li, Sullan, & Zou, 2011). However, the analysis of the force-distance curves has
to be performed very carefully and the selection of the appropriate contact mechanic model will
allow an accurate estimation of the quantitative nano-mechanical properties. One of the most
commonly used models for biological materials is Hertz Model, which is normally employed to
determine elastic deformation and Young’s modulus (Lin, Dimitriadis, & Horkay, 2006; Roa,
Oncins, Diaz, & Segarra, 2010).
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Figure 8. AFM Indentation Force Curve. This curve describes the interaction as the AFM probe is
pushed into the surface to a known load or displacement. Reprinted from ref. Wallace, (2012),
with permission from Elsevier.
However, this model has some limitations because assumes that the tip and the sample are two
spheres with radius R1 and R2 and neglects the surface forces and adhesion. Additionally, the
model only assumes a linear elastic sphere indenting an elastic surface and does not consider the
interpenetration between the surfaces (Roa, Oncins, Diaz, & Segarra, 2010). Other models that
could be used include Sneddon’s model, specially for soft samples where more indentation depth
could occur despite the smaller applied forces (Kemp, Harding, Cabral, Marini, & Wallace, 2012),
Johnson-Kendall-Roberts (JKR) model which considers the adhesion forces for the indentation
with a spherical tip (Efremov, Bagrov, Kirpichnikov, & Shaitan, 2015)) and Derjaguin-MullerToporov (DMT) model which can be applied for “hard” stiff surfaces and assumes the indentation
of a sphere on a rigid plane, but considers the elastic, adhesive and van de Waals forces (Jaiswal,
Kumar, Kilroy, & Beaudoin, 2009; Pashley, 1984)
1.6.1 Indentation of samples and characterization of mechanical properties using AFM
Atomic force microscopy employs a very thin cantilever that contains a sharp and functional tip
on one end. This cantilever/probe is used to scan the surface of the specimen to obtain highresolution topographic images. Given that the cantilever/probe can be in contact with the surface
of the specimens, it can also be used as a nano-indentation tool to obtain more information about

18
the elastic properties of the surface (Jalili & Laxminarayana, 2004). The cantilever in the AFM
can be controlled to push with a known force or displacement on the surface of the sample to
extract more information related with deformation, adhesion, and even softness or stiffness
(Vinckier & Semenza, 1998). The interaction between the probe and surface of the sample will
generate a force-distance curve that can be analyzed to obtain Young’s modulus, indentation depth,
transition force and other mechanical properties (Hermanowicz, Sarna, Burda, & Gabryś, 2014).
For most biological materials the Hertz model is generally used to extract elastic modulus data. In
this model, the slope of the withdrawal section of the force curves is fitted to the following equation:
𝐸=

3𝐹(1 − 𝜈 2 )
4 𝑟 1/2 𝛿 3/2

where E is Young’s modulus of the specimen, F is the applied load, r is the radius of curvature of
the AFM tip, ν is Poisson's ratio for the sample, and δ is the indentation depth (Wallace, 2012).
Even though AFM has emerged as a powerful technique to measure the mechanical properties at
the nano scale, many aspects have to be considered before in order to obtain an accurate
determination of these properties. Some of these features include the type of cantilever used and
their geometry, as we can find different types commercially available, the operation mode and the
contact model used to fit the force-indentation curves (Roa et al., 2010). The indentation principle
of AFM is based on a force applied at a certain angle that has a normal and a lateral component.
This interaction at an angle is a disadvantage because the lateral component is very small compared
to the normal component that it is eventually disregarded (Wallace, 2012).
The analysis of the force curves requires an accurate determination of the contact point to estimate
reliable quantitative mechanical properties from experimental data. For the analysis of AFM
images and force curves, there are several open access softwares that can be used including WSXM
(Horcas et al., 2007), Gwyddion (Nečas & Klapetek, 2011), OpenFovea (Roduit et al., 2012) and
AtomicJ (Hermanowicz et al., 2014). This last software offers different models to fit the
experimental data and identify the contact point from the force-indentation curves as well as
different models to estimate the mechanical properties from force maps. For the experiment in this
thesis, AtomicJ software was used. This software was selected because it offers a robust model
that helps with the identification of the contact point in those force curves that exhibit deviations
from the model at large indentation depths.
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1.7

Techniques to evaluate in vitro viability of cells and cytotoxicity of nanomaterials

To evaluate the applicability of nanomaterials as delivery systems, their possible side effects or
potential risks to human health should be assessed using in vitro or in vivo models. Cytotoxicity
assays using cell models are used to evaluate the effect of different compounds on cell proliferation
and eventually the toxicity effects on living organisms (Riss, Moravec, & Niles, 2011). These
assays are considered cost-effective and less time-consuming alternatives compared to human
clinical trials or animal trials as they do not carry the ethical restrictions like human or animal
studies do. Two of the most commonly used methods to determine cytotoxicity or cell viability are
lactate dehydrogenase (LDH) assay and MTT tetrazolium assay (Korzeniewski & Callewaert,
1983; van de Loosdrecht, Beelen, Ossenkoppele, Broekhoven, & Langenhuijsen, 1994). These
methods estimate the viable cells count through spectrophotometric analysis and using indicators
of the metabolic activity of the cells (Riss et al., 2011).
The lactate dehydrogenase (LDH) assay or LDH assay is a very sensitive method that, as the name
implies, measures the amount of the released lactate dehydrogenase enzyme after the lysis of target
cells. The amount of LDH released is closely related with the damaged cells and can be used to
precisely measure the toxicity effect on cells (Korzeniewski & Callewaert, 1983). The activity of
LDH in the cell culture media can be measured in two different ways. In the first method, the LDH
activity measurement is based on the oxidation of NADH and its concentration can be monitored
at a wavelength of 340 nm using a spectrophotometer. The presence of LDH enzyme will catalyze
the oxidation of NADH through the conversion of pyruvate to lactate. The time of the reaction has
to be carefully controlled and can be terminated by the addition of an appropriate LDH inhibitor
such as oxamate (Decker & Lohmann-Matthes, 1988). In the second method, the quantification of
LDH activity is based on a coupled enzymatic reaction where LDH catalyzes the conversion of
lactate to pyruvate with parallel reduction of NAD+ to NADH. After this, NADH can reduce FAD,
which is coupled to diaphorase, and this reaction catalyzes the conversion of the dye
Iodonitrotetrazolium violet (INT) into formazan. The amount of formazan formed can be measured
at a wavelength of 490 nm using a microplate reader (Chan, Moriwaki, & De Rosa, 2013; Legrand
et al., 1992). In this second method, the time of the reaction is also controlled and can be terminated
using oxamate. This latter enzymatic reaction is more commonly used for the commercially
available cytotoxicity assays and a schematic of the mechanism of reactions is shown in Figure 9
(G. Wang et al., 2012).
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Figure 9. A schematic outline of the quantitative LDH assay. Reprinted from ref. G. Wang et al
(2012), with permission from Elsevier.
Another very useful assay which is one of the most popular methods to determine cell viability is
MTT assay. The principle of this assay consist on the reduction of 3-(4,5-dimethylthiazol-2-yl)2,5-diphenyltetrazolium bromide (MTT) to insoluble purple formazan by the active mechanism of
viable cells, as shown in Figure 10 (Yunbao Liu & Nair, 2010; Riss et al., 2004).The precipitated
formazan is then solubilized into a homogeneous purple color solution before measuring its
absorbance at a 570 nm wavelength. The amount of formazan produced is directly related to the
number of viable cells, because dead cells lose their ability to convert MTT into formazan (Riss et
al., 2004; van de Loosdrecht et al., 1994). The experiments for the MTT assay are also very
convenient because they can be performed using multi-well plate along with a plate reader.

Figure 10. Structures and enzymatic reduction of MTT. Adapted from ref. Yunbao Liu & Nair,
2010, with permission from American Chemical Society.
These assay methods offer the feasibility of estimating the cytotoxicity or number of viable cells
using multi-well plates and plate readers, which can be used to manage a large number of samples
in a short period of time. Both MTT and LDH assays have demonstrated to be very sensitive
techniques, that can be adapted to be used with plate readers to process a large number of samples
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allowing to reduce the time and cost. However, before using any of these techniques, it should be
considered that there could be some limitations in their application. An example of this was found
in the incompatibility of silver nanoparticles with LDH assay, where the cytotoxicity of the
particles was not accurately reflected probably due interference with the optical signal or LDH
adsorption on the silver nanoparticles (Oh et al., 2014).

1.8

Conclusion

Finding efficient edible delivery vehicles is important to the bioavailability of food bioactives and
the design of the next generation of healthy foods. Using nanotechnology techniques with GRAS
ingredients is an exciting approach, which still has many unknowns. Fabrication of edible microor nanoparticles, made from edible polymers, results in a repertoire of flexible delivery systems
with controlled surface properties that enable their tailored use as carriers of a variety of bioactive
compounds. However, more studies have to be conducted to understand the stability and impact
of these structures in food applications. Some challenges that these particles could find are more
related with the fabrication steps and scale-up production, their safety and toxicity perception as
well as their stability during processing and storage.
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2.1

Introduction

Nanotechnology has been used to improve computer electronics, communication technology,
energy products, pharmaceuticals, biosensors, etc. The utilization of nanoparticles in food is a new
frontier. There is a need to manufacture nanoparticles from commonly consumed food polymers,
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such as milk and eggs that may be used to encapsulate and deliver bioactives. These nanoparticles
need to be biodegradable, non-antigenic, metabolizable, and enable to functionalize their surface
to enable site-specific targeted delivery. Natural nanoparticles, compared to synthetic polymers
based or metallic nanoparticles, can have many advantageous characteristics such as being
biodegradable, biocompatible, and have minimum toxicity. Especially, thanks to the well-defined
primary structure of proteins, protein-based nanoparticles may offer various possibilities for
surface alteration and covalent bioactive payload binding (Weber, Coester, Kreuter, & Langer,
2000).
A number of techniques have been employed to prepare protein nanoparticles. These techniques
include desolvation, where the protein is flash precipitated with the addition of a non-solvent to a
good solvent , coacervation where oppositely charged biopolymers are attracted to one another
and form nanoparticles (Elzoghby, Samy, & Elgindy, 2012) and layer by layer deposition of
biopolymers to form nanotubes (Qu & Komatsu, 2010; Sadeghi et al., 2013). The balance between
the attractive and repulsive forces determines the level of molecular interaction. The formation of
nanoparticles were studied using different methods including emulsification, solvent extraction,
desolvation and spray drying (Mehravar, Jahanshahi, & Saghatoleslami, 2009). Size, surface
potential, hydrophobic-hydrophilic balance, particle degradation characteristics are very important
in the formation of edible protein nanoparticles and controlled release of encapsulated bioactives
(Chen, Remondetto, & Subirade, 2006). Reducing particle size below the threshold of 100 to 200
nm introduces the possibility of escaping the vascular system which helps achieve a long residence
time (Esmaeilzadeh, Fakhroueian, Beigi, & Akbar, 2011; Langer et al., 2003). Jiang et al (2008)
evaluated the effects of particle size of Herceptin-gold nanoparticles (Her-GNPs), and found
although all GNPs in the size range of 2-100 nm can alter cell function, the greatest effect was
observed by 40 and 50 nm particles. Due to the distinct advantages of sub-100nm nanoparticles
this size range is a novel target in the fabrication of nanoparticle from biocompatible polymers. In
our study, the desolvation method was used to produce sub-100nm OVA nanoparticles. Currently,
there is no literature on sub-100nm nanoparticulation of OVA with the desolvation method, only
with heat-induced aggregation (Nyemb et al., 2014; Sponton, Perez, Carrara, & Santiago, 2015).
In our study, the efficiency of producing sub-100 nm ovalbumin nanoparticles using the
desolvation method was evaluated. The alternative ways to produce nanoparticles offers a wide
range of possibilities to efficiently produce small sub-100 nm protein nanoparticles. α-LA
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nanoparticles in our study were in the range of 100-200 nm, similar to other bionanoparticulation
techniques in the literature. However, these studies used homogenization techniques such as
centrifugation to keep uniformity of the particles (I. J. Arroyo-Maya et al., 2012; Teng et al., 2014).
In our study of α-LA nanoparticles, these techniques were not used. The nanoparticle production
process is simple and highly reproducible. The effects of desolvating agent types (ethanol, acetone,
and methanol), and desolvating agent ratios on particle size, particle distribution, zeta potential,
and particle morphology were studied.

2.2

Materials and Methods

2.2.1 Materials
The two proteins, α-Lactalbumin from bovine milk with purity ≥85% (PAGE) in lyophilized
powder form, and ovalbumin from hen egg white in lyophilized powder form with purity ≥98%,
as well as glutaraldehyde were obtained from Sigma-Aldrich. The organic solvents ethanol,
acetone, and methanol were supplied by Fisher Scientific. Water was deionized Type I water (18.2
MΩ cm at 25 °C) obtained from our water purification system (Barnstead GenPure xCAD Plus,
Thermo Scientific, USA) with 0.2 µm internal filter. All other chemicals were analytical grade and
used without further purification.
2.2.2 Preparation of ovalbumin nanoparticles
Ovalbumin nanoparticles were prepared using a modified method from a previously used
desolvation method (Marty, Oppenheim, & Speiser, 1978; Weber et al., 2000). 20 mg OVA
powder was dissolved in 1 mL deionized water. The OVA solution was stirred for 5 minutes at
500 rpm, and was used immediately after complete dissolution. Desolvating agents (ethanol/
acetone/ methanol) were added to the solution dropwise using a syringe pump at a rate of 0.5
mL/min

which

enabled

nucleation

and

formation

of

nanoparticles.

The

protein

solution/desolvating agent volume ratios (1:3, 1:4, 1:5, 1:10 and 1:20) were used. The study
focused on the effects of the solvent/non-solvent ratio on particle size, particle size distribution,
particle morphology, and zeta potential. As desolvating agents were added to the OVA solutions,
the OVA partly precipitated. To eliminate big aggregates sonication (25% amplitude for 10 pulses
for 6 seconds and 12 s off between pulses) and centrifugation (3 times at 14000 rpm for 10 min)
were applied. After centrifugation, the supernatant was taken as a source of nanoparticles.
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2.2.3 Preparation of α-lactalbumin nanoparticles
α-lactalbumin (α-LA) was dissolved in deionized water at a concentration of 20 mg/mL. α-LA
solution was stirred for 8 hours at 500 rpm and the solution was used immediately after complete
dissolution. The pH of the solution was 7.4 ± 0.2. However, alkaline condition leads to smaller
nanoparticles from albumin based proteins such as HSA as reported by Lin, Coombes, Davies,
Davis, & Illum (1993) and Langer et al (2003). In this study to avoid adding more chemicals
(NaOH or HCl), the pH values were not adjusted. Desolvating agents (ethanol/acetone/methanol)
were added to the α-LA solution dropwise using a syringe pump at a rate of 0.5 mL/min in different
protein solution/desolvating agent volume ratios (1:3, 1:4, 1:5, 1:10 and 1:20). The temperature of
α-LA solution was kept at 25 ℃, while ethanol, methanol and acetone were at 4 ℃ during the
precipitation step under constant stirring at 500 rpm for five minutes. 1 µL of an 8% aqueous
solution of glutaraldehyde was added to each mg of protein to ensure that protein nanoparticles
get sufficiently crosslinked for stability. After addition of glutaraldehyde solution, the samples
were stirred at room temperature overnight for complete crosslinking.
2.2.4 Preparation of ovalbumin and α-lactalbumin nanoparticles after heat treatment
The effect of heat treatment was studied at 25 °C, 50 °C, and 80 °C for 5 minutes. The protein
solutions were heated up to the designated temperature, kept at that temperature for 5 minutes,
then cooled down to ambient temperature. The protein solution then was used for nanoparticulation
using the methods described above. The main purpose of this part of the study was to evaluate the
effect of high temperature on nanoparticle formation.
2.2.5 Measurements of zeta potential, particle size and size distribution
In this study, zeta potential, particle size, and size distribution were measured using a Zetasizer
Nano ZS (Malvern Instruments Inc., USA) dynamic light scattering (DLS) instrument, with an
angle of 173°, temperature of 25℃, material refractive index of 1.59, and dispersant refractive
index of 1.330, after a uniform dispersant refractive index for each sample was achieved regardless
of different desolvating agents, using a 100 times water dilution of samples. The zeta potentials of
the fabricated nanoparticles were measured using the same Malvern DLS (Malvern Instruments
Inc., USA) at pH 7.4±0.2. Polydispersity index (PDI) is a measure of the uniformity of a
distribution, and here it is calculated by the particle size measurement software using the equation
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𝜎2

𝑃𝐷𝐼 = 2𝑅

𝐻

2

where “σ is the standard deviation of a hypothetical Gaussian distribution centered on

the Z average size, and 𝑅𝐻 is the hydrodynamic radius” (Malvern Instruments Ltd, n.d.). All
measurements were performed in triplicates and the mean value and the standard deviation were
reported. Analysis of variance (ANOVA) was conducted for statistical significance of the
outcomes using the software Minitab.
2.2.6 SEM and TEM images
A FreeZone Benchtop Freeze Dry System from LABCONCO, USA was used to dry the
nanoparticles. Nanoparticle samples were diluted 100 times using deionized water and stored in a
-80 °C freezer overnight before freeze drying. SEM images were taken using a NOVA nanoSEM
scanning electron microscope from FEI (Oregon USA). The intensity of the beam was 5 KV in
order to obtain the best images. All the nanoparticles were attached to the surface of a carbon tape
and coated with a thin layer of palladium before SEM imaging. TEM images were taken to study
OVA nanoparticles using CM-100 Transmission Electron Microscope manufactured by Philips
(Amsterdam, Netherlands) at 200 KV accelerating voltage. The samples were prepared by placing
them on 400 mesh copper grids and stained by 4 microliters of 2% uranyl acetate solution.

2.3

Results and Discussion

2.3.1 The effects of desolvating agent type and ratio on nanoparticle formation
Changing the environment around α-lactalbumin which is a water soluble protein by the addition
of organic solvents such as ethanol and acetone can change its secondary and tertiary structure and
expose more hydrophobic amino acid residues such as tryptophan and tyrosine (Izlia J. ArroyoMaya, Hernández-Sánchez, Jiménez-Cruz, Camarillo-Cadena, & Hernández-Arana, 2014); on the
other hand, the hydrophilic groups of the organic solvents can interfere with local hydrogen bonds
in the protein structure (Sashi, Yasin, & Bhuyan, 2012). These structural changes may contribute
to nanoparticulation of proteins. As shown in Tables 1 and 2, DLS measurements and SEM results
showed that the methods for preparation of nanoparticles from α-lactalbumin and ovalbumin were
successful. This is consistent with earlier reports for α-lactalbumin (Izlia J. Arroyo-Maya et al.,
2014) and for ovalbumin (Delfiya, Thangavel, & Amirtham, 2016). Our data shows small but
significant differences when different desolvating agents were used (p<0.05). α-LA nanoparticles
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showed similar particle sizes for the use of ethanol and acetone as the desolvating agents, but the
nanoparticles produced were much smaller when using methanol. Similarly, it was found for OVA
that the smallest average particle size was obtained with methanol. Methanol is the most polar
desolvating agent among the three that we used and close in polarity to water. Prior work (Storp,
Engel, Boeker, Ploeger, & Langer, 2012) has shown that higher dielectric constants of the
desolvating agents lead to smaller particle size and the dielectric constants are 21.3, 25.02, 33.3
and 80.0 (Mohsen-Nia, Amiri, & Jazi, 2010) for acetone, ethanol, methanol and water, respectively.
It is also well known that the relative polarities of the solvents given here for convenience (water,
1.0, methanol 0.762, ethanol 0.654, acetone 0.355) (Reichardt & Welton, 2010) follow the
dielectric constants. The data in Tables 1 and 2 shows that the sizes of our nanoparticles follow
this earlier observation (Storp et al., 2012).
Table 1. The particle size, polydispersity index, zeta potential and their standard deviations of αLA nanoparticles prepared with different desolvating agents, and different water: desolvating
agent ratios.
DAᵃ

W:Dᵇ

PSᶜ (nm)

PDIᵈ

ZPᵉ (mV)

Ethanol

1:3

204.9±3.2

0.048±0.008

-38.2±1.8

Ethanol

1:4

215.6±2.7

0.049±0.018

-37.4±0.7

Ethanol

1:5

218.6±5.4

0.050±0.018

-35.3±1.2

Ethanol

1:10

228.8±4.9

0.034±0.015

-34.5±1.2

Ethanol

1:20

231.9±7.4

0.020±0.015

-33.6±1.7

Acetone

1:3

209.8±4.6

0.062±0.012

-35.1±1.8

Acetone

1:4

214.3±5.8

0.030±0.032

-34.7±0.6

Acetone

1:5

217.8±4.3

0.041±0.030

-35.9±1.3

Acetone

1:10

217.6±3.5

0.037±0.024

-35.5±1.3

Acetone

1:20

205.4±3.4

0.065±0.027

-32.3±1.0

Methanol

1:3

162.2±5.1

0.063±0.023

-32.6±1.4

Methanol

1:4

153.6±3.0

0.080±0.012

-34.2±1.2

Methanol

1:5

162.2±3.7

0.062±0.017

-34.6±0.8

Methanol

1:10

158.1±6.4

0.059±0.023

-34.2±1.2

Methanol

1:20

158.9±3.4

0.067±0.036

-32.3±0.4

ᵃDesolvating agent type, ᵇwater: desolvating agent volume ratio, ᶜ nanoparticle particle size,
ᵈpolydispersity index, ᵉnanoparticle zeta potential. Each data point represents the average from
three replicates.
According to Q3C guideline, methanol is a Class 2 Solvent. Although freeze drying gives
relatively low solvent residue among different drying methods, it still needs monitoring. Methods
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to minimize or eliminate methanol are well studied in the literature (Rey & May, 1999) to reduce
methanol concentration to harmless levels. Before freeze drying we dilute the solution containing
the nanoparticles 100 times diluting methanol to a very low level. This minimizes the methanol
content in the particles.
Ethanol and acetone produced larger nanoparticles than methanol for both α-LA and OVA. The
results here that acetone and ethanol produced similar sized nanoparticles are, within some
reasonable error, consistent with the results reported by Arroyo-Maya et al (2012). Their method
has some differences compared to ours and they include the use of centrifugation (5 cycles) and
sonication to separate and re-disperse the nanoparticle, but none of them were used in
nanoparticulation of α-LA in our study, and both centrifugation and sonication changed somewhat
the distribution profile of nanoparticles.
Table 2. The particle size, polydispersity index, zeta potential, and their standard deviations of
OVA nanoparticles prepared with different desolvating agents, and different water: desolvating
agent ratios.
DAᵃ

W:Dᵇ

PSᶜ (nm)

PDIᵈ

ZPᵉ (mV)

Ethanol

1:3

69.2±7.0

0.259±0.119

-22.3±3.4

Ethanol

1:4

76.6±17.6

0.235±0.067

-23.2±1.8

Ethanol

1:5

80.3±2.8

0.231±0.010

-24.8±4.3

Ethanol

1:10

73.8±4.3

0.247±0.016

-23.3±5.2

Ethanol

1:20

75.7±4.0

0.239±0.029

-19.1±4.7

Acetone

1:3

71.6±9.6

0.259±0.001

-17.5±4.8

Acetone

1:4

84.8±7.5

0.183±0.002

-21.5±8.0

Acetone

1:5

96.8±12.2

0.196±0.034

-22.6±5.9

Acetone

1:10

136.7±7.1

0.125±0.001

-21.0±7.8

Acetone

1:20

160.7±5.2

0.127±0.001

-18.2±4.3

Methanol

1:3

66.4±30.1

0.381±0.242

-14.8±7.3

Methanol

1:4

75.9±10.1

0.285±0.039

-18.9±3.0

Methanol

1:5

60.5±7.8

0.224±0.004

-15.8±7.1

Methanol

1:10

72.8±15.0

0.313±0.021

-18.0±8.8

Methanol

1:20

61.2±5.4

0.246±0.055

-18.8±7.6

ᵃDesolvating agent type, ᵇwater: desolvating agent volume ratio, ᶜ nanoparticle particle size,
ᵈpolydispersity index, ᵉnanoparticle zeta potential. Each data point represents the average from
three replicates.
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On the other hand, the polydispersity indices for ethanol and acetone were respectively 0.217 and
0.166 in Arroyo-Maya et al (2012) study, while the polydispersity indices of the nanoparticles in
our study were much lower (0.02 – 0.08) (Table 1) for α-LA, which indicated the α-LA
nanoparticles prepared by desolvation method are relatively uniform. In general, a lower PDI
shows a more uniform and narrow size distribution. For example, when PDI is lower than 0.1, the
distribution is very narrow, and when it is higher than 0.4, the distribution is broad.
It is interesting to also understand the effect of higher ratios of desolvating agents on α-LA
nanoparticle properties. Our results show that the water: desolvating agent ratio did not make much
difference in average nanoparticle size and zeta potential. If we accept that α-lactalbumin
undergoes folding and unfolding trend in the presence of desolvating agents. We can conclude that
around 70-80% desolvating agent is enough to completely particulate α-lactalbumin. In this ratios
(around 1:4-1:5 protein solution:desolvating agent), the protein undergoes unfolding and folding
to aggregate and forms nanoparticles. Our findings are consistent with those of Arroyo-Maya et al
(2014) who reported for α-lactalbumin an increase of about 35% β-strands and a decrease of about
26% in α-helix content during particulation using 1:4 ratio of acetone. Yoshikawa et al (2012) also
showed that in the presence of 0-50% ethanol, native BSA structure changed and it became
unfolded. On the other hand, the addition of more ethanol 50-99% drove BSA molecules to fold
again to establish a new structure which was completely different from the initial structure. A
dramatic folding happened in the presence of 80% to 90 and 99% ethanol.
For ovalbumin nanoparticles, the polydispersity indices (PDIs) were higher. The OVA
nanoparticles prepared with acetone had the lowest PDI, and those prepared with methanol had the
highest PDI (Table 2). In fact, the preparation method for OVA is somewhat different than the
preparation method for α-LA. OVA aqueous solutions were relatively unstable compared to α-LA
solutions, and visible aggregates were produced in the solution after a short time. So, fresh but
completely dissolved OVA aqueous solutions were used in this study. The addition of desolvating
agents led to precipitation of parts of the dissolved ovalbumin, so it was challenging to measure
particle size. Separation of aggregates and particles from nano-sized particles helps us produce
small nanoparticle dispersions.
Due to usage of sonication and centrifugation and also the lower concentration of OVA, the
polydispersity indices were higher compared to α-lactalbumin. The SEM images showed small
and relatively uniform nanoparticles for all desolvating agents (Figure 14). Zeta potentials for all
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α-lactalbumin nanoparticles were lower than -30 mV which indicated that the α-LA nanoparticle
systems possess good stability (Dukhin & Goetz, 1998). For ovalbumin nanoparticles, the zeta
potentials were around -20 mV, suggesting the possibility for aggregation to occur over time. Our
findings are consistent with the zeta potential observed with other biopolymeric nanoparticles
(Veilleux, Nelea, Biniecki, Lavertu, & Buschmann, 2016; Zhao et al., 2014).

Figure 11. The SEM images of α-LA nanoparticles (a, b- prepared with ethanol; c, d- prepared
with acetone; e, f- prepared with methanol; all in 1:5 water: desolvating agent ratio).
SEM images were taken to evaluate the morphology of the nanoparticles. The particle size and
size distribution on the images matched well the results from DLS. For α-lactalbumin nanoparticles,
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most of the nanoparticles were in regular spherical shape; only a very small portion of the
nanoparticles were in irregular shape (Figure 11). In the samples prepared with methanol, it can
be seen clearly that the fraction of irregular shaped nanoparticles was the largest among the three
desolvating agents although the particles were the smallest. The irregularity in the particles may
be a reason why we observed the highest PDIs for nanoparticles which were prepared with
methanol as the non-solvent.

Figure 12. The SEM images of OVA nanoparticles (a, b- prepared with ethanol; c, d- prepared
with acetone; e, f- prepared with methanol; all in 1:5 water: desolvating agent ratio).
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In contrast, nanoparticles prepared with acetone were the largest but had the most uniform
spherical morphology. Ovalbumin nanoparticles were much smaller than α-lactalbumin
nanoparticles and most had an average particle size less than 100 nm (Figure 12). The SEM images
also showed consistent results with DLS measurements for ovalbumin nanoparticles. Ovalbumin
nanoparticles are mostly spheres with a size range from approximately 30 nm to 100 nm, but there
is a minor rod-shaped fraction when prepared with acetone. Jiang et al (2008) showed that for gold
and silver nanoparticles coated with antibodies the size range between 40 to 50 nm was the most
effective for delivery of bioactives because it maximized the process of membrane receptor
internalization.

Figure 13. SEM images show the effect of protein temperature on the formation, shape and
morphology of α-LA nanoparticles (1- α-LA+ ethanol, 2- α-LA+ acetone, 3- α-LA+ methanol, a25 °C, b-50 °C, c-80 °C, all in 1:5 water: desolvating agent ratio).
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biocompatible/biodegradable sub-100nm nanoparticles with the potential to maximize delivery.
Delfiya et al (2016) also prepared curcumin loaded ovalbumin nanoparticles with a particle size
greater than 200 nm. Sponton et al (2015) reported preparation of ovalbumin nanoparticles that
bind to linoleic acid by heat-induced aggregation. However, the heat-induced technique is not a
useful method for particulation of ovalbumin nanoparticles in the presence of heat-sensitive
bioactive compounds. Once again SEM images and DLS measurements supported one another and
showed very good particulation by using the desolvation method. The particle size results show
that it is feasible to design nanoparticles in different size ranges by varying the type of non-solvent
and its ratio with the good solvent. When it is beneficial to have nanoparticles larger than 100 nm
as reported by (Langer et al., 2003), it is possible to select fabrication parameters to obtain
nanoparticles in this range, and at the same time other manufacturing conditions may be selected
for sub-100nm nanoparticles. The results offer a great deal of flexibility in terms of attaining
nanoparticles in different size ranges.
2.3.2 The effects of temperature on nanoparticle formation
The effects of heat treatment of protein solutions on the nanoparticles’ characteristics were studied
in this section. It is well known that heat-treatment of protein can alter the native inter- and intradisulfide bond distribution cause intermolecular cross-linking (Madeka & Kokini, 1994). The
temperature values for the heat treatments have been selected according to the denaturation
temperature of OVA and α-LA to study how denaturation affects the formation of nanoparticles.
The denaturation temperature of α-LA is around 62 °C (Stănciuc & Râpeanu, 2010) and the
denaturation temperature of OVA is around 76-79 °C (Fujita & Noda, 1981; Kitabatake, Ishida, &
Doi, 1988). So for 50 °C, which is lower than the denaturation temperature of both proteins, there
are small configurational changes in the proteins’ structures. On the other hand, by applying 80 °C,
which is higher than the denaturation temperatures of both proteins, the nanoparticulation was
done on the denatured proteins. The effect of denaturation on aggregation of ovalbumin has been
studied by Sponton et al (2015), and in this paper the roles of temperature in terms of affecting
nanoparticulation of OVA and α-LA were evaluated.
There were generally three types of changes in nanoparticle size that can be observed from Tables
3 and 4. For OVA + ethanol, OVA + acetone, α-LA + ethanol, and α-LA + methanol the particle
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size decreased as temperature increased. Nanoparticles produced from OVA + methanol did not
have significantly change in particle size as the temperature increased. Only for α-LA + acetone
larger nanoparticles were obtained as temperature increased. SEM images of α-LA and OVA
nanoparticles are shown in Figures 13-14. Figure 13 clearly showed the morphology of α-LA
nanoparticles at different temperatures, but Figure 14 was less clear, because the size of OVA
nanoparticles were too small and were very close to the resolution of the SEM used. Therefore
TEM images are shown in Figure 15 to get a clearer image of the nanoparticles.

Figure 14. SEM images show the effect of protein temperature on the formation, shape and
morphology of OVA nanoparticles (1- OVA+ ethanol, 2- OVA+ acetone, 3- OVA+ methanol, a25 °C, b-50 °C, c-80 °C, all in 1:5 water: desolvating agent ratio).
SEM images 1(a-c) in both Figure 13 and Figure 14 showed that when ethanol was used as the
desolvating agent, both α-LA and OVA nanoparticles were sensitive to temperature change and
formed irregular but mostly rod-shaped aggregates of smaller nanoparticles with a diameter
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between 20-50 nm. The DLS results of those nanoparticles shown in Tables 3 and 4 showed that
particle sizes decreased for both high temperatures. Combination of SEM and DLS results for αLA and OVA showed a shift in the particle size to the lower end, which resulted in rod-shaped
aggregates, possibly during freeze-drying or SEM sample preparation. Particle size distribution
graphs 1(a-b) in Figures 16 and 17 confirmed the shift towards smaller particles for α-LA and
OVA nanoparticles prepared with ethanol.

Figure 15. TEM images of nanoparticles formed with OVA heated up to 50 °C and ethanol in 1:5
water: desolvating agent ratio.
When acetone was used as the desolvating agent the particle size measured using DLS for OVA
decreased, and α-LA stayed constant as temperature increased. SEM images also showed different
morphologies for the nanoparticles. Unlike non-solvent protein combinations which had smaller
particle sizes at 50 °C compared to 25 °C, OVA+ acetone resulted in relatively constant particle
sizes at 50 °C but decreased significantly at 80 °C. It might be concluded that the structural changes
happening at 50 °C was not critical for nanoparticle formation, however the structural changes
occurring at 80 °C significantly affected the formation of nanoparticles, and the SEM images
(Figure 14, 2(a-c)) told the same story.
The sizes of α-LA +acetone nanoparticles were in the range of 60-230 nm from SEM images for
all three temperatures (Figure 13, 2(a-c)), and at 80 °C there was a broader particle size distribution,
which agreed with the PDI results from DLS (Table 3). The broader particle size distribution
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appears to be due to the formation of larger size aggregates under high temperature. Distribution
graph in Figure 16 (2a and 2b) showed the size distribution of α-LA +acetone in intensity and
number mode respectively. It can be seen that in intensity mode, the size distribution shifted to the
right, but in number mode, the size distribution shifted to the left, which indicated that a few
particles with larger size shifted the curve to the right. This proves that α-LA nanoparticles
prepared with acetone at 80°C showed higher average particle size when compared to 50°C and
25 °C, but most nanoparticles had a smaller diameter after heat treatment.

Figure 16. Size distribution of α-LA nanoparticles obtained using both intensity mode and number
mode from dynamic light scattering (1- α-LA+ ethanol, 2- α-LA+ acetone, 3- α-LA+ methanol, aintensity mode, b- number mode).
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For both α-lactalbumin and ovalbumin, methanol gave the most constant particle size results with
respect to temperature, resulting in a relatively small shift in distribution graphs 3a and 3b from
Figures 16 and 17, compared to the other two desolvating agents. SEM images showed that the
particle size range was 40-120 nm for α-LA nanoparticles (Figure 13, 3(a-c)), and 20-90 nm for
OVA nanoparticle at high temperatures (Figure 14, 3(a-c)), consistent with DLS results. Particle
sizes went down as the temperature went up for both cases, which was similar to what was
observed with ethanol. Methanol produced nanoparticles were spherical and uniformly distributed
when compared to ethanol.

Figure 17. Size distribution of OVA nanoparticles obtained using both intensity mode and
number mode from dynamic light scattering (1- OVA+ ethanol, 2- OVA+ acetone, 3- OVA+
methanol, a- intensity mode, b- number mode).
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Table 3. Comparison of the particle size, polydispersity index, zeta potential, and their standard
deviations between α-LA nanoparticles formed from protein solutions heated to different
temperatures.
DAᵃ

Tᵇ (°C)

PSᶜ (nm)

PDIᵈ

ZPᵉ (mv)

Ethanol

80

118.5 ± 1.9

0.166 ± 0.033

-33.9 ± 1.1

Ethanol

50

143.9 ± 0.3

0.196 ± 0.007

-33.5 ± 1.6

Ethanol

25

218.6 ± 5.4

0.050 ± 0.018

-35.3 ± 1.2

Acetone

80

288.5 ± 1.0

0.220 ± 0.030

-35.5 ± 0.8

Acetone

50

202.5 ± 1.0

0.023 ± 0.014

-38.3 ± 1.1

Acetone

25

217.8 ± 4.3

0.041 ± 0.030

-35.9 ± 1.3

Methanol

80

103.0 ± 0.8

0.075 ± 0.022

-36.6 ± 0.5

Methanol

50

116.1 ± 0.3

0.067 ± 0.021

-34.5 ± 1.5

Methanol

25

162.2 ± 3.7

0.062 ± 0.017

-34.6 ± 0.8

ᵃDesolvating agent type, ᵇwater: desolvating agent volume ratio, ᶜ nanoparticle particle size,
ᵈpolydispersity index, ᵉnanoparticle zeta potential. Each data point represents the average from
three replicates.

The effects of heat treatments and desolvating agents on OVA nanoparticles are less clear due to
centrifugation and removal of larger aggregates from the samples and cannot be explained solely
based on data in Table 4 and Figures 13 and 14. However, they showed that the nanoparticles
maintained spherical shape and generally became smaller as temperature was higher, which had
the same trend as α-LA nanoparticles.
The mechanisms of why different desolvating agents behaved differently in heat treated protein
solutions are not clear. But the DLS and SEM data revealed that there are distinct differences on
how nanoparticles are formed using different desolvating agents even when the same desolvation
procedures were used.
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Table 4. Comparison of the particle size, polydispersity index, zeta potential, and their standard
deviations between OVA nanoparticles formed from protein solutions heated to different
temperatures.
DAᵃ

Tᵇ (°C)

PSᶜ (nm)

PDIᵈ

ZPᵉ (mv)

Ethanol

80

59.0 ± 5.2

0.292 ± 0.018

-22.1 ± 0.8

Ethanol

50

48.5 ± 3.0

0.342 ± 0.009

-19.8 ± 2.3

Ethanol

25

80.3 ± 2.8

0.231 ± 0.010

-24.8 ± 4.3

Acetone

80

53.8 ± 4.2

0.211 ± 0.006

-27.0 ± 2.7

Acetone

50

86.4 ± 2.1

0.094 ± 0.014

-24.5 ± 3.7

Acetone

25

96.8 ± 12.2

0.196 ± 0.034

-22.6 ± 5.9

Methanol

80

58.6 ± 8.4

0.217 ± 0.031

-19.2 ± 1.3

Methanol

50

64.1 ± 2.7

0.204 ± 0.048

-24.1 ± 0.6

Methanol

25

60.5 ± 7.8

0.224 ± 0.004

-15.8 ± 7.1

ᵃDesolvating agent type, ᵇwater: desolvating agent volume ratio, ᶜ nanoparticle particle size,
ᵈpolydispersity index, ᵉnanoparticle zeta potential. Each data point represents the average from
three replicates.

2.3.3 The storage stability of OVA and α-LA nanoparticles
The OVA and α-LA nanoparticles suspensions in desolvating agents were kept in the refrigerator
(4°C) for 30 days. The particle size of the samples with a 1:5 water: desolvating agent ratio were
monitored to assess the stability of nanoparticles. OVA nanoparticles gave 82.5, 92.2 and 65.0 nm
average diameters respectively for ethanol, acetone, and methanol after storage in the refrigerator
for 30 days vs. 80.3, 96.8, 60.5 nm when the particles were first produced. The polydispersity
indices were in the range of 0.20 to 0.24. α-LA nanoparticles gave 220.7 nm, 215.1 nm, 155.3 nm
respectively for ethanol, acetone, and methanol compared to 218.6, 217.8, 162.2 nm when the
particles were first produced. The polydispersity indices were in the range of 0.05 to 0.11.
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Figure 18. α-LA (a) and OVA (b) nanoparticle suspensions after 30 days (from left to right: ethanol,
acetone, and methanol).
As Figure 18 shows, there were no visible precipitates in the nanoparticle colloidal suspensions.
The results suggest a good stability of the nanoparticles. The cross-linking treatment with
glutaraldehyde tightens the structure of nanoparticles and they can maintain their size and shape
for a long time. Sadeghi et al (2014) also reported preparation of stable BSA and curcumin loaded
BSA for one month in aqueous media (deionized water). The stability of nanoparticles is one of
the necessary requirements for the nanoparticle production method to be able to use them in food
and pharmaceutical applications.
2.3.4 Conclusion
In the present study, ovalbumin was successfully used for preparing sub-100 nm particles by
desolvation method for the first time, and high-quality nanoparticles were produced from αlactalbumin also using the desolvation method. Desolvating agent type, water:desolvating agent
volume ratios, and protein solution temperature were studied to optimize the fabrication of
nanoparticles. Among the three desolvating agents, ethanol and methanol both produced OVA
nanoparticles smaller than 100 nm; methanol produced the smallest α-LA nanoparticles. Water:
desolvating agent ratios were found not to make significant differences on nanoparticles, but in
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extremely high desolvating agent amount, nanoparticles became larger. In most cases, smaller
nanoparticles were produced when the protein solution was heated up to a higher temperature and
cooled down before nanoparticulation. Methanol had the smallest change in nanoparticle size and
morphology after protein solutions were heated up. Both OVA and α-LA nanoparticles were found
to be stable during storage at 4 °C for 30 days. The results provided information on choosing
operational parameters to produce nanoparticles with desired characteristics using the desolvation
method.
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3.1

Introduction

Coacervation is widely used for food, cosmetics and pharmaceutical applications as well as in
other fields (Hiwatari, Yoshida, Akutsu, Yabu, & Iwai, 2004; Jun-xia et al., 2011; Lau et al., 2013;
Leclercq, Harlander, & Reineccius, 2009; Siow & Ong, 2013). More recently, complex
coacervation has been used for the microencapsulation of nutraceutical bioactives including sweet
orange oil, lycopene, turmeric oleoresin and garlic oil making it a technology suitable for the
microencapsulation of bioactive compounds (Jun-xia et al., 2011; Silva, Favaro-Trindade, Rocha,
& Thomazini, 2012; Siow & Ong, 2013; Zuanon et al., 2013). Coacervation gives rise to a complex
between two previously soluble oppositely charged polyelectrolytes (PEs) to form a colloidal
dispersion in which the dispersed phase is the coacervate. The most predominant interactions are
strong electrostatic interactions (Hiwatari et al., 2004; Jun-xia et al., 2011). Other types of
interactions such as hydrophobic interactions, hydrogen bonds, and van der Waals forces can
complement electrostatic interactions (Lau et al., 2013; Leclercq et al., 2009).
Two major steps control the formation of complex coacervates: (1) the kinetics of diffusion and
PEs entanglement, which happens at short times and it is affected by molar size differences, and
(2) thermodynamic reorganization of the previously created aggregates due to conformational
changes and disentanglement which happens at relatively long times and it causes instability of
the coacervates. The second step is a consequence of immiscibility of the polyelectrolytes in one
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another resulting in phase separation (Hartig, Carlesso, Davidson, & Prokop, 2007). The
polyelectrolyte complex (PEC) forms in less than 5 µs as shown by stop flow measurements, which
corresponds to the diffusion and controlled collision of polyion coils (Dautzenberg, 2000).
Formation of coacervates is driven by entropy changes which drive the mixing of components as
shown by ITC data (Bucur, Sui, & Schlenoff, 2006) while enthalpy does not contribute to the
molecular interactions during the mixing polyelectrolytes (Priftis, Megley, Laugel, & Tirrell,
2013).
Three different types of PEC result in 1) soluble PEC (this occurs when small and soluble polymers
are present in a homogeneous systems); 2) turbid colloidal dispersion (they are larger polymer
molecules mutually insoluble and represent the transition to phase separation); and 3) two phase
systems including liquid and precipitated PEC (strong aggregation leads to large non-colloidal
particles which phase separate and sediment and therefore is not desirable) (Webster, Huglin, &
Robb, 1997).
Size, size distribution, shape and morphology of coacervate nanoparticles can be affected by
different factors such as zeta potential of the polymers, ionic strength (salt concentration),
polymers concentrations and their ratio, molecular conformation and weight, temperature, pH, etc.
(Aryee & Nickerson, 2014; Gummel, Boué, Clemens, & Cousin, 2008; Hedayati, Jahanshahi, &
Attar, 2012; Hosseini et al., 2013; Kaibara, Okazaki, Bohidar, & Dubin, 2000; Priftis et al., 2013;
Schatz et al., 2004; X. Wang, Lee, Wang, & Huang, 2007). Several studies have shown that
increasing ionic strength can improve the dissolution of each polymer and affect the binding
affinity of PEs (Chollakup, Smitthipong, Eisenbach, & Tirrell, 2010; Kizilay, Kayitmazer, &
Dubin, 2011; Yilin Wang, Kimura, Huang, Dubin, & Jaeger, 1999; Weinbreck, Wientjes,
Nieuwenhuijse, Robijn, & De Kruif, 2004). Molecular weights (MW) of the PEs can also affect
on the formation of PEC as well as their stability, since the MW can enhance or suppress efficient
ion pairing (Kizilay et al., 2011; Y. Wang, Kimura, Dubin, & Jaeger, 2000). To evaluate the effect
of polyelectrolyte structure and concentration, Müller et al., (2005) successfully prepared needlelike and spherical nanoparticles from poly-L-lysine (PLL) and poly (maleic acid-co-propylene),
and PLL and poly (maleic acid-co-R-methylstyrene) or poly-(diallyldimethylammonium chloride)
and poly (maleic acid-co-R-methylstyrene), respectively. They reported that stable PEC
nanoparticles were formed when the solution concentration was between cPOL=0.001 and 0.01
mol/L at molar mixing ratio of n-/n+=0.6. In all PEs combinations, increasing the concentrations
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of polymers (cPOL) led to increase in the hydrodynamic radius and turbidity, suggesting that many
layers of PEs were being formed leading to larger aggregates since the collision probability of the
PEs during coacervation increased.
Coacervate nano- and microparticles can be used to improve the bioavailability and stability of
poorly water-soluble bioactive compounds (Jun-xia et al., 2011; Silva et al., 2012; J. C. Wang,
Chen, & Xu, 2008). PEs can be proteins, carbohydrates or any other organic polymer that can form
a colloidal system (Chelushkin et al., 2007; Pergushov et al., 2004; Voets et al., 2009; Y. Wang et
al., 2000; Yilin Wang et al., 1999). An important bioactive compound from food origin is curcumin
(curcuma longa) which is found in the herb turmeric and most commonly in curry spice (Corson
& Crews, 2007). Curcumin has very low solubility in water at acidic and neutral pH (Goel,
Kunnumakkara, & Aggarwal, 2008; Kurita & Makino, 2013) because of its hydrophobicity. It has
high antioxidant, anti-cancer and anti-inflammatory properties and it has been found to be effective
in the treatment of several diseases such as Alzheimer, cancer, and heart failure (Ak & Gülçin,
2008; Goel et al., 2008; Maheshwari, Singh, Gaddipati, & Srimal, 2006). Several approaches have
been used to improve its solubility in aqueous solutions including encapsulation in nanoparticles
(Pan, Luo, Gan, Baek, & Zhong, 2014; R. Sadeghi et al., 2014), coacervates (Shahgholian &
Rajabzadeh, 2016; Zuanon et al., 2013), liposomes (Nguyen, Tang, Doan, & Dang, 2016;
Saengkrit, Saesoo, Srinuanchai, Phunpee, & Ruktanonchai, 2014) and micelles (Duan et al., 2016;
X. Yang et al., 2015).
The majority of coacervation literature focused on polysaccharide-protein (Comert et al., 2016;
Hosseini et al., 2013; Jun-xia et al., 2011; Weinbreck et al., 2004; Zuanon et al., 2013),
polysaccharide-polysaccharide (Deka et al., 2016; Feng et al., 2014; Y. Li & McClements, 2011;
Schatz et al., 2004), protein-protein (Milanović et al., 2014), polypeptide-polyacid (Müller, Reihs,
& Ouyang, 2005), protein-polyionic synthetic polymer (Ball et al., 2002, 2002; F. Cousin, Gummel,
Combet, & Boué, 2011; Fabrice Cousin, Gummel, Ung, & Boué, 2005; Kaibara et al., 2000),
polysaccharide-polypeptide (Ma et al., 2013), and polypeptide-polypeptide (Black et al., 2014;
Hoffmann et al., 2015; Priftis, Laugel, & Tirrell, 2012) complexation, while there is no published
work on the coacervation of protein and polypeptide. Most of the coacervate studies in the
literature deal with insoluble coacervates in the micron scale (Alvim & Grosso, 2010; Jun-xia et
al., 2011; Leclercq et al., 2009; Ma et al., 2013; Prata, Zanin, Ré, & Grosso, 2008; Silva et al.,
2012; Zuanon et al., 2013); however there are limited published studies reporting colloidal
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nanoscale particles mostly fabricated by protein-polysaccharide interactions (Donati, Borgogna,
Turello, Cesàro, & Paoletti, 2007; Hartig et al., 2007; Hedayati et al., 2012; Hosseini et al., 2013).
Positively charged polypeptides such as poly-D-lysine are protonated in a wide range of pH and
they show promoting cell adhesion properties which can be useful for designing effective delivery
systems (de Bruin et al., 2008). Due to D-form peptide bonds, PDL can resist against tryptic
proteases. However, it can be hydrolyzed by pancreatic extract to the extent of about 90% (after 5
h incubation) (Tsuyuki, Tsuyuki, & Stahmann, 1956), and it may improve the stability of the
coacervates in the stomach against trypsin. Singh et al., (2010) also reported that BSA
nanoparticles coated by poly-L-lysine can be more resistant to in vitro enzymatic digestion.
This research focuses on the interaction of BSA and PDL to form soluble coacervates, and
specifically on the effects of MW of PDL, salt concentration, addition of cross-linking agent, and
mass ratio of BSA to PDL on the particle size (PS), polydispersity index (PDI), zeta potential (ZP)
and morphology of soluble colloidal coacervate nanoparticles, which has never been done before
for this particular system. At the same time, the stability of the coacervates is studied for a period
of 21 days under room (25°C) and refrigeration (4°C) temperature conditions. Most of the
coacervates studies in the literature did not report the stability of their particles over extended
periods of time. Our studies focused on using dynamic light scattering (DLS) and scanning electron
microscopy (SEM) for colloidal particles obtained in the size range of 100-500nm. In particular,
we have identified conditions that favor the formation of coacervate nanoparticles around and
below 200nm. Our motivation to focus on this range is due to the fact that particles can stay in the
circulatory system for longer times (Langer et al., 2003; Moghimi, Hunter, & Murray, 2001). At
the optimal fabrication conditions, where we obtained the smallest coacervate nanoparticle size,
we evaluated the encapsulation efficiency and loading capacity of BSA:LMW-PDL coacervates
using curcumin as a hydrophobic model at three curcumin to BSA molar ratios.

3.2

Materials and Methods

3.2.1 Materials
Bovine serum albumin (BSA, lyophilized powder, purity ~98%, ~66 kDa), Poly-D-Lysine
hydrobromide (PDL, Mw ≥ 70-150 kDa), Poly-D-Lysine hydrobromide (PDL, Mw ≥ 300 kDa),
curcumin from Curcuma longa (Turmeric) and Bradford assay reagent were purchased from
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Sigma-Aldrich. Milli-Q water (18.2 MΩcm) was used in this study. Ethanol, NaCl, NaOH, HCl,
Phosphate buffer saline, and glutaraldehyde were analytical grade and used without further
purification.
3.2.2 Size Exclusion Chromatography (SEC)
The MW distribution for PDLs was determined using Size Exclusion Chromatography (SEC) with
a Superdex 200 10/300 GL column (GE Healthcare) in an ÄKTA FPLC system (Amersham
Biosciences) at 6ºC. SEC elution was performed with 10 mM PBS, pH 7.15, 100 mM NaCl at a
flow rate of 0.2 mL/min and a wavelength of 220 nm. The column was calibrated using protein
standards (MWGF1000) from Sigma-Aldrich and covering a MW range from 29 to 669 kDa
(Aryal et al., 2014). A standard curve was generated using the elution times of 6 proteins with
known molecular weights. The Log MWs of these 6 standard proteins was plotted against their
respective elution time to determine a regression equation that was used to estimate the MW for
both PDLs.
3.2.3 Preparation of Polyelectrolyte Solutions
The solutions of BSA (1 mg.mL-1), low molecular weight (LMW) and high molecular weight
(HMW) PDL (0.5 mg.mL-1) were prepared in PB (pH 7.0, 10 mM, without NaCl) or PBS (pH 7.0,
10 mM, [NaCl] = 0.1 M) as solvents. BSA was used as the anionic polyelectrolyte and PDL was
used as the cationic polyelectrolyte. BSA and PDL solutions were stirred for 1 hour at 1200 rpm.
The solutions were then stored overnight at 4 ºC for completion of biomolecules hydration. To
remove any possible large aggregates, before coacervation, PDL and BSA solutions were filtered
through 0.45 µm low protein binding syringe filter (Whatman, Maidstone, UK). The protein
concentration before and after filtration was determined according to Bradford assay with slight
modifications (0.26 ± 0.03 % variation) (Bradford, 1976). A standard curve (R2=0.9996) was
prepared to determine unknown concentrations of BSA. Briefly, 0.1 mL of the protein solution
was mixed with 3 mL of Bradford reagent, vortexed and incubated at ambient temperature for 5
minutes and then absorbance was measured at 595 nm in a microplate reader (Synergy H1, Biotek,
Winooski, VT, USA).
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3.2.4 Fabrication of coacervate nanoparticles
A constant mass of PDL (LMW or HMW) in solution was mixed with different volume ratios of
BSA. The starting solution was 1 mL PDL (0.5 mg.mL-1), and BSA solution (1.0 mg.mL-1) was
added dropwise with a flow rate of 0.5 mL.min-1 using a syringe pump (NE-300, New Era Pump
System, Inc., NY, USA). BSA aqueous solution was added in the amounts of 0.15, 0.25, 0.5, 0.75,
1.0, 1.25, or 1.5 mL in order to vary the mass and molar ratios of the two polyelectrolytes. The
mass ratio (BSA: PDL) for the mixtures was 0.3, 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0, respectively. These
corresponded to molar charge ratios [n-/n+] ranging between 0.01 - 0.13, as shown in Table 5. All
the solutions were adjusted to the same volume (2.5 mL) using PB or PBS at pH 7 under magnetic
stirring at 25 ºC. The different molar charge ratios [n-]/[n+] between polyanion and polycation were
calculated considering that BSA has ~13 negative charges at pH 7 (Barbosa et al., 2010) and each
lysine monomer has one positive charge originating from the protonated amino group in the side
chain (NH3+) in poly-D-lysine. This gave ~1027 positive charges for LMW PDL and ~1815
positive charges for HMW PDL. These are fairly accurate but may be somewhat variable because
of the polydispersity of both LMW and HMW PDL molecules.
After the mixing process, coacervate nanoparticles were analyzed for particle size, polydispersity
index and zeta potential. A second method for the fabrication of coacervate nanoparticles consisted
on using aqueous solutions of BSA, LMW-PDL and HMW-PDL at pH 4 by adding 0.1 M HCl
before mixing the two polyelectrolytes; 1 mL of each PDL solution was used as starting solution
and 1 mL BSA was added to obtain a BSA:PDL mass ratio of 2.0, both solutions contained 0.1 M
NaCl. Once the solutions were mixed, pH was slowly increased to achieve pH 7 using NaOH.
In order to test the effect of salt concentrations on the formation of nanoparticles, aqueous solutions
of BSA (1 mg.mL-1), LMW- and HMW-PDL (0.5 mg.mL-1) were prepared. Before mixing, the
polyelectrolytes were dissolved in phosphate buffer (10 mM, pH 7) at concentrations of 0.05, 0.1,
0.2 and 0.4 M NaCl. The solutions were then stirred for 1 hour at 1200 rpm. Subsequently, the
solutions were stored overnight for hydration at 4 ºC to ensure complete solubility. They were then
mixed to achieve nanoparticulation at a mass ratio of 2 (BSA:PDL). The maximum salt
concentration chosen was 0.4 M because concentrations higher than 0.3 M decrease the interaction
of BSA as the net surface charge is screened (Gündüz & Korkmaz, 2000; Zhang et al., 2007; Ru,
Wang, Lee, Ding, & Huang, 2012).
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In order to adjust the pH of fabricated nanoparticle colloidal dispersions and to study the effect of
pH on particle size stability using particle size measurements, the pH of different nanoparticle
dispersions was adjusted to 3, 5, 9, and 11 by using 0.1 or 1 M HCl or NaOH solutions.
3.2.5 Measurement of Particle Size, Polydispersity Index and Zeta Potential
For particle size measurement, 100 µL of each of the samples prepared in the previous section was
diluted with 900 µL of Milli-Q water. For zeta-potential measurement, 100 µL of each sample was
diluted with 1500 µL of PB or PBS. A DLS instrument (ZetaPALS, Brookhaven Instruments
Corporation) was used to evaluate particle size, polydispersity index and zeta potential of samples.
The DLS experiments were carried out at a temperature of 25 °C and a fixed scattering angle of
90°.
3.2.6 Scanning Electron Microscopy (SEM)
The morphology and size of coacervate nanoparticles were characterized by a SEM (Hitachi S4700, Japan) under an acceleration voltage of 5 kV. The suspensions were freeze-dried before
analysis. These powders were attached on the surface of carbon tape, and then sputtered with a
thin layer of gold-palladium before imaging process with SEM.
3.2.7 Stability of Nanoparticles with and without Glutaraldehyde
Coacervate nanoparticles of BSA and LMW-PDL or HMW-PDL were prepared at mass ratios of
2, and 3 corresponding to molar charge ratios of 0.08 and 0.13, respectively and were used to
determine the stability of coacervates at room temperature (25ºC) and refrigeration temperature (4
ºC) with and without the addition of cross-linking agent (0.25% Glutaraldehyde solution).
Glutaraldehyde was added after the coacervation process. Stability was evaluated during 21 days
by measuring the effective diameter and polydispersity index (PDI) of samples in intervals of 7
days.
3.2.8 Measuring the encapsulation efficiency (EE) and stability of loaded coacervate
nanoparticles
The encapsulation efficiency (EE) of curcumin in coacervate nanoparticles was evaluated by
mixing BSA (1 mg.mL-1) with the curcumin solution (curcumin:BSA molar ratios of 0.5, 1.5 and
10) before mixing with LMW-PDL (0.5 mg.mL-1). The stock solution of curcumin (1 mg.mL-1)
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was dissolved in 200 proof ethanol. LMW-PDL was selected for these experiments because the
particle size of nanoparticles formed with this polypeptide was around 200 nm and HMW-PDL
nanoparticles were much larger. Our interest in this study was to evaluate the encapsulation
efficiency of the smallest particles around and below 200 nm. The mass ratio of BSA: PDL was
2.0 corresponding to a molar charge ratio [n-]/[n+] of 0.08. The fabricated coacervates were
separated at room temperature by adding 2 parts of ethanol per 1 part of the coacervate dispersion.
The solution was then centrifuged (22000 g for 5 min) with a Sorvall Legend X1R centrifuge from
Thermo Scientific, Germany to precipitate the curcumin loaded nanoparticles. The BSA
concentration in the supernatant was measured using the Bradford assay as explained in section
2.3. The absorbance of free curcumin in the supernatant was measured at 425 nm (Synergy H1,
Biotek, USA), and converted to curcumin concentration using a standard curve (R2=0.998) at the
same protein concentration. EE was calculated using:

Encapsulation efficiency (%) =

Initial Cur. Conc. −Free Cur. Concentration
× 100
Initial Cur. Concentration

The stability of the curcumin loaded coacervate nanoparticles was evaluated by measuring the
particle size of the colloidal dispersions with DLS for 21 days. The colloidal dispersions were
stored at room temperature (25 ºC) and all the experiments were performed in triplicates and the
results reported as average and standard deviation.
3.2.9 Statistical analysis
Each measurement was performed in triplicate and the mean value and the standard deviation are
reported. One-way ANOVA was performed using Tukey’s test with SAS v9.3 software and the
statistical significant difference was determined at a level of 0.05.

3.3

Results and Discussion

3.3.1 Molecular weight and Zeta Potential of Individual Polyelectrolytes
Often there is significant variability in commercial samples and therefore the MW and MW
distribution of LMW- and HMW-PDL as well as BSA were measured (Figure 19). Both
polypeptides showed a higher MW distribution compared to BSA. The peak molecular weight for
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LMW-PDL with SEC was around 150 kDa and for HMW-PDL it was around 265 kDa consistent
with the specifications provided by Sigma Aldrich (70-150 and ≥300 kDa), respectively.
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Figure 19. SEC elution peaks of LMW-PDL, HMW-PDL and BSA (normalized).
Figure 20 shows the effect of pH, in the range of 4 to 11, on the zeta potential of BSA, LMW-, and
HMW-PDL. The zeta potential results showed that the isoelectric point of BSA was around pH
5.2. The zeta potential was -31.73 ± 1.57 and -40.5 mV at pH 7 and 9, respectively. These results
are similar to those reported before (Salis et al., 2011). In this study, it was also found that the zeta
potential magnitude depends on the concentration and type of salt as well as the technique used.
In our study, PDL solutions showed a different behavior; the zeta potential was positive in the
range of pH between 4 and 11. HMW-PDL showed higher zeta potential than LMW-PDL at the
same pH. Poly-D-lysine is a cationic biopolymer with an isoelectric point around pH 11-13,
depending on its MW (L.-C. Xu & Logan, 2005). The highest zeta potential (110.65 ± 5.5 mV)
was achieved with HMW-PDL at pH 4. The highest zeta potential (55 ± 2.9 mV) for LMW-PDL
was achieved at pH 5. The difference in the sign of the zeta potential between BSA and PDL
clearly is the origin of the electrostatic attraction between the two molecules and drives the
formation of stable BSA and PDL coacervate nanoparticles. This difference is a function of pH
and reached a maximum around pH 7 for both LMW-PDL and HMW-PDL. Consistent with our
results, Xu et al., (2005) also determined that poly-D-lysine is positively charged at pH 7 and its
zeta potential magnitude varies with ionic strength (L.-C. Xu & Logan, 2005). The results in Figure
20 are also comparable with those found by Sadeghi et al., (2013) for BSA and HMW-PDL used
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in the formation of biocompatible nanotubes using the layer-by-layer deposition technique (R.

Zeta potential (mV)

Sadeghi et al., 2013).
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Figure 20. The effect of pH on the zeta potential of BSA, LMW-PDL and HMW-PDL (Top),
comparison between opposite charges of BSA and HMW-PDL and LMW-PDL (Bottom). Each
data point represents the average and standard deviation from three replicates.
3.3.2 The effect of salt concentration (ionic strength), molecular weight of PDL, and mass
ratio of BSA:PDL on particle size (PS), polydispersity index (PDI), and zeta
potential of coacervate nanoparticles
In this section, the effect of mass and molar ratios, salt concentration, and MW of the PDL on the
particle size, zeta potential, and PDI of the BSA/PDL soluble colloidal coacervate nanoparticles is
reported and discussed. BSA:PDL mass/molar ratios as well as the molar charge ratios were found
to be the most critical parameters to fabricate small and uniform nanoparticles. For LMW-PDL in
PBS the manufacturing conditions that optimized particle size and polydispersity are shown in
Table 5.
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Table 5. The particle size, zeta potential and polydispersity of coacervate nanoparticles from
BSA and LMW-PDL and BSA and HMW-PDL in phosphate buffer and phosphate buffered
saline at day 1.
Cationic polyelectrolyte

BSA/ LMW-PDL in
PBS

BSA/ LMW-PDL in PB

BSA/HMW-PDL in
PBS

BSA/HMW-PDL in PB

1

BSA:
PDL-MR1
(mg/mg)

Molar
ratio

Molar
charge ratio
(n-/n+)

0.3

1.1

0.5

PS2 (nm)

PDI3

ZP4 (mV)

0.01

426±6a

0.44±0.03a

15±2.9cb

1.8

0.02

371±34ab

0.44±0.02a

24.2±0.1a

1

3.5

0.04

415±43a

0.3±0.01b

12.9±0.1cb

1.5

5.2

0.06

220±9.0d

0.25±0.03b

10.6±1.5cd

2

7.0

0.08

212.0±11d

0.15±0.02c

15.5±2.8b

2.5

8.8

0.1

296±10c

0.12±0.03c

6.9±0.02de

3

10.5

0.13

342±24bc

0.13±0.04c

2.4±0.1e

0.3

1.1

0.01

1921±114a

0.34±0.10ab

4.7±0.2c

0.5

1.8

0.02

1163±86a

0.17±0.11b

15.5±3.0a

1

3.5

0.04

1565±115a

0.26±0.15ab

13.4±1.5a

1.5

5.2

0.06

1874±196a

0.37±0.12ab

10.5±1.5ab

2

7.0

0.08

1746±556a

0.44±0.02ab

15.5±3.6a

2.5

8.8

0.1

1636±612a

0.48±0.07a

6.6±0.3bc

3

10.5

0.13

1266±577a

0.50±0.05a

10.3±1.4abc

0.3

1.9

0.01

660±77a

0.52±0.04a

18.8±0.1ab

0.5

3.1

0.02

507±44b

0.52±0.03a

19.8±1.9ab

1

6.3

0.04

508±32 b

0.43±0.02b

18.9±0.3ab

1.5

9.3

0.06

453±12b

0.33±0.004c

13.9±5.9ab

2

12.5

0.08

311±7c

0.26±0.01d

25.2±0.8a

2.5

15.6

0.1

0.25±0.01d

24.8±0.5a

3

18.7

0.13

341±6c

0.20±0.02d

23.0±1.2a

0.3

1.9

0.01

1691±120a

0.20±0.05d

16.4±1.5a

0.5

3.1

0.02

1476±133a

0.37±0.03bc

13.7±1.6ab

1

6.3

0.04

1724±309a

0.45±0.04b

17.2±2.4a

1.5

9.3

0.06

1522±152a

0.40±0.05b

15.1±3.1a

2

12.5

0.08

351±41b

0.64±0.04a

11.9±0.04ab

2.5

15.6

0.1

673±21b

0.24±0.11cd

9.0±0.02b

3

18.7

0.13

313±22b

0.31±0.01bcd

12.2±3.1ab

310±9c

Mass ratio, 2 Particle size, 3 Polydispersity index, 4 Zeta potential. Each data point represents
the average and standard deviation from three replicates. Particle size means with the same letter
are not significantly different.
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The combination of particle size, polydispersity and zeta potential were used to select the optimal
mass/molar ratio to fabricate BSA:PDL soluble coacervates, for LMW-PDL in PBS. The mass
ratio of 2 led to the smallest particles around 200 nm. This mass ratio corresponded to a molar
charge ratio of [n-/n+]=0.08 with a positive zeta potential (+15 mV). This non-stoichiometric molar
charge ratio led to a stable positively charged colloidal dispersion where the particles repulsed one
another. Higher molar charge of PDL led to higher positive molar charge ratios (inverse of [n-/n+])
as seen in Table 5. These generated more positive surface charge for the coacervates. This is also
consistent with the positive zeta potential observed for all these coacervate particles. In previous
reports stable colloidal PECs were formed when there was an excess of either polycations or
polyanions, i.e. molar charge ratio [n+]/[n-] <0.6 or [n+]/[n-] >1.0 (Fuenzalida et al., 2016; Le
Cerf et al., 2014). The same trend was observed for HMW-PDL in PBS. The mass ratios as well
as the molar charge ratios where the smallest particles are also reported in Table 5. The results
showed that higher molecular weight of PDL leads to higher particle size, PDI and zeta potential.
Coacervation of HMW-PDL and BSA at mass/molar ratios that were lower resulted in larger
particle sizes as shown in Figure 21 (bottom). These results indicate that particle size and PDI of
the coacervate nanoparticles are affected by differences in mass and molar ratios of the PEs and
they are more stable when the mass of the starting solution (PDL) is lower, consistent with previous
reports (Buchhammer, Mende, & Oelmann, 2003).

4.0 µm

1.0 µm

10.0 µm

3.0 µm

Figure 21. SEM images of coacervate nanoparticles from BSA and LMW-PDL (Top), and
coacervate nanoparticles from BSA and HMW-PDL (Bottom), the BSA:PDL mass ratio in both
cases was 2.
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Interestingly, the particle size and its distribution are also influenced by the molecular structure
and configuration of each polyelectrolyte, concentration and mixing conditions. Also, the results
of smaller particle sizes at mass ratio of 2.0 differ from earlier studies of coacervates using Kappacarrageenan (KC) as the anionic polyelectrolyte and β-lactoglobulin (BLG) as the cationic
polyelectrolyte, where they reported smaller particle size at a weight ratio of 0.75 (Hosseini et al.,
2013). Our findings along with previous findings (Hosseini et al., 2013) show that the optimum
mass/molar ratio is specific to the coacervate system, MW and pH selected.
For poly-anionic polymers, LMW leads to more effective charge pairing and neutralization. In
contrast, HMW poly-anionic polymers may result in a conformation that protects their
complexation sites (L.-C. Xu & Logan, 2005). Poly-cationic polymers may diffuse and organize
themselves in thermodynamically more favorable conformations to form more homogeneous
PECs with LMW poly-anionic polymers (Hartig et al., 2007). The results in this study showed that
for coacervation of a poly-anionic polymer (BSA) with poly-cationic polypeptides (HMW-PDL
and LMW-PDL), the higher the MW, the larger and more polydispersed the particles size is.
Molecular weight also affected charge density of the biopolymers as seen in Figure 20 where
HMW-PDL has higher zeta potential and greater ability to interact with BSA, at the higher mass
ratio of BSA to fabricate the smallest nanoparticles.
The presence of salt is a critical parameter to successfully fabricate small and uniform BSA:PDL
coacervate nanoparticles, as shown in Table 5. Particle sizes and PDIs were high in phosphate
buffer (zero salt concentration), while in PBS, smaller particles were successfully formed. It was
also observed that the effect of salt concentration on the particle size and PDI of BSA:PDL
coacervates was significant for both LMW- and HMW-PDL (Figure 22), and the optimum salt
concentration depended on the MWs of the PDLs. The larger particle size was achieved in the
absence of salt and then at the lower salt concentration for both PDLs. Polyelectrolyte
complexation is improved at relatively low ionic strengths, however very low or high salt
concentrations can inhibit complexation by causing dissociation, aggregation and further
precipitation, thus the optimum salt concentration varies according to the molecular structure of
PEs, pH, polyelectrolyte mass ratio, and MWs (Ball et al., 2002; Priftis & Tirrell, 2012; Seyrek,
Dubin, Tribet, & Gamble, 2003). The mechanism proposed is that high salt concentrations disrupt
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and dissolve PECs due to screening effect (Priftis & Tirrell, 2012; Weinbrreck, Tromp, & de Kruif,
2004), and there is a critical salt concentration limit where there is no longer any complex formed.
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Figure 22. The effect of salt concentration on particle size and polydispersity index of coacervate
nanoparticles from BSA and LMW-PDL and HMW-PDL, the mass ratios were 2 for both of them.
Each data point represents the average and standard deviation from three replicates.
This critical salt concentration depends upon the chain length (molecular weight) of the PEs, and
it increases when the MW increases (Priftis & Tirrell, 2012). Other studies also reported the effect
of salt concentration on composition and rheological properties of β-lactoglobulin and pectin
insoluble coacervates (gel-like structure). They found that increasing the salt concentration
enhanced the coacervation process and increased storage modulus of the gel-like structure; while
further increase of salt concentration beyond a critical concentration inhibited the interaction
between the two biopolymers and decreased storage modulus of the coacervates. This can be
related to a looser coacervate structure at high salt concentration (X. Wang et al., 2007).
3.3.3 Morphology and dimensions of Coacervates
SEM images showed the morphology and size distribution of coacervate nanoparticles (Figure 21).
The BSA:LMW-PDL coacervate nanoparticles (mass ratio of 2) were fairly spherical in shape and
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had a compact structure with a diameter in the range of 80-300 nm. These results were consistent
with DLS results. Comparison between BSA:HMW-PDL and BSA:LMW-PDL coacervate
nanoparticles showed that less well-defined spherical nanoparticles were observed for HMW-PDL.
A broader size distribution was observed for particles fabricated using HMW PDL. LMW-PDL
molecules were able to organize themselves more compactly than HMW-PDL to form smaller,
better defined and spherical nanoparticles. In other studies (Schatz et al., 2004), a different and
antagonistic effect of the MW of chitosan and dextran sulfate during coacervation were reported.
Higher MW of chitosan led to larger nanoparticles, while higher MW of dextran sulfate led to
smaller nanoparticles which may be due to the conformational stiffness of the biopolymers.
Dextran sulfate molecules are highly flexible random coil molecules, while chitosan molecules
have a more rigid extended structure (Schatz et al., 2004). Studies with PECs fabricated with low
or high MW sodium alginate showed that the PECs with low MW resulted in smaller particle size
and lower PDI (Hartig et al., 2007) consistent with our findings here. The control of the
nanoparticle size to be lower than 200 nm in the medically important range, their PDI and stability
are important for applications in biological systems.
3.3.4 Comparison of the properties of fabricated nanoparticles starting with stock
solutions at pH 4 and pH 7
At acidic pH 4, both BSA and PDL were positively charged and therefore, electrostatic interaction
did not occur. At pH 7, BSA and PDL were oppositely charged, and electrostatically interacted to
form PECs. The particle size of the coacervate nanoparticles raising the pH from 4 to 7 was 600
nm and above with a predominance of particles being in the micron range for different mass ratios
of BSA:HMW-PDL. For BSA:LMW-PDL the particle size was 300 nm and above (Figure 23). It
is possible to induce the complexation by slowly increasing the pH of the interacting solutions;
this is consistent with other studies in the literature for the formation of PECs from BSA and
PDADMAC (poly-dimethyldiallylammonium chloride). They found that the interaction goes
through several transitions at specific pH values (Kaibara et al., 2000). The results showed that the
method of mixing the solutions at pH 4 and increasing the pH to 7 led to larger nanoparticles
compared to dropwise addition and mixing of the two polyelectrolytes at pH 7. So, for BSA and
PDL, the best fabrication consisted of preparing both solutions at pH 7 and mix them dropwise at
the desirable salt concentration and mass ratio.
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Figure 23. The effect of mass ratio on the particle size and PDI of coacervate nanoparticles from
BSA and LMW-PDL in PBS (A) and BSA and HMW-PDL in PBS (B); the main solutions were
mixed at pH 4 and pH was increased to 7 for coacervation. Each data point represents the average
and standard deviation from at least three replicates.
3.3.5 Effect of different pH values on the stability of coacervate nanoparticles
Particles fabricated at mass ratios of 2.0 and 2.5 for BSA:LMW-PDL and BSA: HMW-PDL were
used to evaluate the effect of pH on particle size and PDI of the coacervates nanoparticles (Table
5). The larger particle size, in the range of 2270 ± 80 nm, was achieved at pH 3 (Figure 24). The
smaller particle size, was obtained at pH 7 from HMW-PDL and even smaller at the same pH in
the range of 200 ± 1.40 nm with a very narrow PDI of 0.16 ± 0.024 for LMW-PDL. Particle size
at pH 11 was larger for both HMW-PDL and LMW-PDL. These results could be associated with
the isoelectric points of BSA and PDL (pH 4.7 and around pH 11, respectively) (Galisteo-González
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& Molina-Bolívar, 2014; Jachimska, Wasilewska, & Adamczyk, 2008; L.-C. Xu & Logan, 2005),
but also with the changes in zeta potential as indicated in Figure 20. It can be concluded that
changing the pH of coacervate nanoparticles solutions produced from LMW-PDL and HMW-PDL
had a considerable impact on interactions of BSA and PDL, and aggregation to produce larger
nanoparticles.
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Figure 24. The effect of pH on particle size and polydispersity index of coacervate nanoparticles
from BSA and LMW-PDL and BSA and HMW-PDL in PBS; the mass ratios were 2 and 2.5,
respectively. Each data point represents the average and standard deviation from three replicates.
3.3.6 Stability of coacervate nanoparticles with and without Glutaraldehyde
Glutaraldehyde crosslinks proteins and reduces their mobility (Datta, Christena, & Rajaram, 2013;
Magnan, Catarino, Paolucci-Jeanjean, Preziosi-Belloy, & Belleville, 2004). This helps stabilize
the protein and polypeptide phase of PECs. The crosslinking reaction can take place between
several functional groups of the proteins such as amine, thiol and phenol and the aldehyde groups
of glutaraldehyde (Kumbar, Kulkarni, & Aminabhavi, 2002; Mansur, Sadahira, Souza, & Mansur,
2008; Migneault, Dartiguenave, Bertrand, & Waldron, 2004). Addition of glutaraldehyde to the
coacervate solutions had variable impact on the stability and particle size over 21 days at 4 and
25 °C.
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Coacervate nanoparticles with LMW-PDL, without glutaraldehyde treatment, were stable (roughly
constant in size and PDI) for the mass ratios of 2 and 3 over 21 days at 4°C (Figure 25).

Figure 25. Stability of coacervate nanoparticles produced from BSA:LMW-PDL and BSA:HMWPDL with two different mass ratios (2 and 3) with and without (w/o) 0.25% Glutaraldehyde (Glut)
as cross-linking at refrigeration temperature, 4ºC (A) and room temperature, 25ºC (B). Each data
point represents the average and standard deviation from three replicates.
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For LMW-PDL coacervate treated with glutaraldehyde at the mass ratio of 2, the particle size was
slightly smaller but stable over 21 days at 4°C. For the mass ratio of 3 on the other hand, there is
a decrease followed by an increase at 4°C. The coacervate nanoparticles with LMW-PDL at room
temperature without glutaraldehyde treatment, showed a slight decrease in particle sizes during 21
days. The coacervates dispersions with a mass ratio of 2 with 0.25% glutaraldehyde showed a
decrease in the effective diameter to 115 nm after 14 days from 170 nm in day 1 at 25°C. For the
mass ratio of 3 on the other hand an increase in size and PDI was observed.
Results for BSA and HMW-PDL without glutaraldehyde were similar during 21 days at 4°C;
glutaraldehyde added systems at 4 °C showed that the particle size decreased as compared to room
temperature but the PDI increased during 21 days as compared to the fresh samples. The results of
storage at refrigeration temperature (4 °C) were different from the solutions at room temperature
and are shown in Figure 25. Other researchers have reported stabilization of particle size of nanoand microstructures from gelatin, serum albumins, sodium alginate and chitosan after the addition
of glutaraldehyde (Kumbar et al., 2002; Prata et al., 2008; Wartlick, Spänkuch-Schmitt, Strebhardt,
Kreuter, & Langer, 2004). Uncross-linked capsanthin coacervates deformed and aggregated as
compared with those cross-linked by glutaraldehyde (G. Q. Huang, Xiao, Qiu, & Yang, 2014).
These observations of variability in particle size and PDI in prior studies are consistent with the
observations with PDL and BSA where it was observed that the size of nanoparticles remained
more stable with the addition of glutaraldehyde during aging in some cases, but the opposite was
observed in other cases that were discussed in detail above.
3.3.7 Stability of coacervate nanoparticles with and without Glutaraldehyde
The measurement of encapsulation efficiency of a hydrophobic component within nanoparticles is
a challenge, because of low solubility of the bioactive components in aqueous solutions and
aqueous buffers and also difficulties in separating the nanoparticles. To facilitate dissolution of
curcumin, two aliquots of ethanol were added into one aliquot of the curcumin-BSA:PDL
nanoparticles formulation to improve solubility of free curcumin and facilitate the separation of
nanoparticles from the dispersing medium during centrifugation because nanoparticles remain
insoluble in the water/ethanol mixture. The highest curcumin concentration in the formulations
(0.055 mg.mL-1) was much lower than the solubility limit of curcumin in 67% ethanol which is
1.5 mg.mL-1. Therefore, it was not expected that curcumin would precipitate at this concentration.
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The measurement of efficiency of encapsulation was based on curcumin soluble in the 67% ethanol
solvent. Another important concern is the recovery of free curcumin from the formulations. For
this part, curcumin was added to a BSA solution and also to a nanoparticles dispersion and the
recovery of curcumin was measured by addition of 67% ethanol. The results showed that more
than 95% of the added curcumin could be recovered. The protein concentration in the supernatant
was also measured by the Bradford method and it was about 0.03 mg.mL-1. This protein
concentration was used to plot a standard curve for measuring the concentrations of free curcumin
in the supernatants. This technique was able to estimate encapsulation efficiency.
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Figure 26. Particle size of BSA without curcumin, and BSA mix with curcumin at molar ratios of
0.5, 1.5 and 10 (Curcumin:BSA).
The particle size of BSA in the presence of different molar ratios of curcumin (0.5, 1.5 and 10)
was measured to evaluate the effect of curcumin on the BSA molecules and their aggregation. The
results showed that by addition of 0.5 and 1.5 molar ratios of curcumin only a slight increase in
the particle size was observed while by addition of 10 molar ratio, the particle size dramatically
increased. Combination of DLS results and SEM images (Figures 26 and 27) show that in high
curcumin molar ratio, BSA molecules form particles, and they show higher encapsulation
efficiency and loading capacity. DSC results showed that curcumin melting point was not observed
in the freeze-dried curcumin-BSA solution for all three molar ratios (Figure 28).

79

Figure 27. SEM image of freeze-dried curcumin:BSA mixture at molar ratio of 10.
The encapsulation efficiency was 46.7 ± 2.2 % when the curcumin to BSA molar ratio was 0.5 and
roughly around 54.8 ± 2.8 and 60.6 ± 1.0 % when that ratio was increased to 1.5 and 10,
respectively. The loading capacity (LC) of the nanoparticles was around 3.1 µg/mg when the
curcumin molar ratio was 1.5 and increased to 22 µg/mg (2.2%) of nanoparticle when the ratio of
curcumin to BSA was increased to 10. These loading capacity results are comparable to those
obtained with previous reports of coacervates formed with Lysozyme and carboxymethylcellulose,
where curcumin was successfully encapsulated and loaded at 1-2.7% depending on the initial
curcumin concentration (Z. Li et al., 2015). Other reports using Zein nanoparticles have also
loaded curcumin and the loading capacity varied from 1.6 to 4% depending on the preparation
conditions (Patel et al., 2010). These EE results with coacervates of BSA and PDL were lower
when compared to those of camphor oil with gelatin and gum Arabic microparticles, where
encapsulation values higher than 80% were reported (C.-P. Chang, Leung, Lin, & Hsu, 2006).
Other authors have been able to encapsulate and improve the bioavailability of curcumin in other
nanomaterials, such as organogel-based nanoemulsions (Yu & Huang, 2012), casein nanocapsules
(Pan, Zhong, & Baek, 2013), liposomes (L. Li, Braiteh, & Kurzrock, 2005; Matloob, Mourtas,
Klepetsanis, & Antimisiaris, 2014; Narayanan, Nargi, Randolph, & Narayanan, 2009), micelles
(Sahu, Kasoju, & Bora, 2008; Song et al., 2011; R. Yang et al., 2012), biocompatible nanotubes
(R. Sadeghi et al., 2013), BSA nanoparticles (R. Sadeghi et al., 2014) and hydrophobically
modified starch (HMS) (Q. Huang, Yu, & Ru, 2010).
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Figure 28. Differential scanning calorimetry thermograms of curcumin:BSA (0.5 molar ratio),
curcumin:BSA (1.5 molar ratio), curcumin:BSA (10 molar ratio) and curcumin-BSA physical
mixture.
The particle size stability of the loaded colloidal dispersions was evaluated over a period of 21
days. In Figure 29, it was observed that the average particle size of the coacervate nanoparticles
increased as the curcumin concentration was increased. For the colloidal dispersions with 0.5
molar ratios of curcumin to BSA, the particle size at day 1 it was around 204 ± 14 nm, while the
nanoparticles with 10 molar ratio of curcumin to BSA showed a particle size around 316 ± 43 nm.
The three colloidal dispersions did not show a significant fluctuation in their particle size for over
a period of 10 days; however, the coacervate particles with the lowest curcumin concentration
showed a slight increase on its particle size from 214 ± 32 nm to 268 ± 42 nm after 14 days of
storage. On the other hand, the colloidal dispersions with higher curcumin concentrations showed
stability of their particle size after 21 days.
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Figure 29. Stability of curcumin loaded coacervate nanoparticles produced from BSA:LMW-PDL
at mass ratio of 2 and curcumin to BSA molar ratios of 0.5, 1.5 and 10. Each data point represents
the average and standard deviation from three replicates.
3.4

Conclusions

Mixing Bovine serum albumin (BSA) and Poly-D-Lysine (PDL) allowed the formation of
coacervate nanoparticles approximately spherical in shape. It has been found that coacervation is
possible with both LMW- and HMW-PDL solutions leading to the formation of nanoparticles
some of which are below the biologically active 200 nm. LMW-PDL permitted the formation of
nanoparticles with a smaller effective diameter, while effective diameter of nanoparticles with
HMW-PDL was larger but stable over time. It was found that BSA has a negative zeta potential
of -31.73 ± 1.57 mV at pH 7, acting as a polyanion. LMW- and HMW-PDL both had positive zeta
potential at acidic and alkaline pH, acting as polycations. Critical particle size and PDI were found
to be dependent on the mixing ratio, molecular weight, pH, salt concentration and the addition of
glutaraldehyde as cross-linking agent. A shelf stability study was conducted during 21 days, and
the coacervate nanoparticles with LMW-PDL were more stable with the addition of 0.25%
glutaraldehyde; this occurred at room temperature (~25ºC) or refrigeration temperature (4 ºC).
Taken together, all of these experiments establish the favorable window to fabricate coacervate
nanoparticles from BSA and PDL as polyelectrolytes. The encapsulation efficiency (EE) for the
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0.5 and 1.5 curcumin to BSA ratio was between 46.7 and 54.8%, respectively. The EE increased
when the curcumin to BSA ratio was higher, reaching values of 60% when the curcumin to BSA
ratio was 10. The loading capacity increased from 3.1 µg/mg to 22 µg/mg of nanoparticle when
the ratio curcumin to BSA was increased from 1.5 to 10, respectively.
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4.1

Introduction

Micro and nano-polyelectrolyte complexes are widely used for encapsulation of various bioactives
from food and drugs including antimicrobials. Production of PECs relies on electrical charge
difference between two different polyelectrolytes. The net charge on each polyelectrolyte is pH
dependent. Alginate and chitosan are good food grade polyelectrolytes that can be used to form
PECs due to their strong opposite charges (Abreu, Forte, Kist, & Honaiser, 2010; Chandrasekar,
Coupland, & Anantheswaran, 2016). Sæther et al (2008) used alginate/chitosan complexes in the
charge ratio range of 0.01 to 17 and studied the effect of molecular weight, order of addition,
degree of acetylation and speed of mixing on the formation of PEC particles. The positively
charged cationic part (below its isoelectric point) of these complexes was chitosan [(1-4)-2-amino2-deoxy-β-D-glucan] which is a linear hetero-polysaccharide obtained by partial deacetylation of
chitin. Sodium alginate is the second polyelectrolyte and is negatively charged at the pHs evaluated
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in this study and it is therefore the anionic part of the chitosan/alginate polyelectrolyte complex.
They found that order of addition during mixing influenced the size of the PECs, however, the zeta
potential and pH were not affected by the mixing order. Chitosans and alginates with low MW
values produced the smallest complexes. Sæther et al. (2008) did not study the thermodynamics
of interaction as a function of charge ratio and did not offer any mechanistic understanding for the
differences in size and morphology observed.
Chitosan in solution is an extended polymer and the available Mark-Houwink data shows a value
ranging between 1-1.23 (Kasaai, 2007). Ionic properties of chitosan are related with its molecular
weight, and degree of deacetylation. The zeta potential of chitosan is pH dependent. Chitosan is
positively charged at acidic pH (Magalhães et al., 2016). Protonation of -NH3+ groups makes
chitosan positively charged at pH≤6.5 and decreasing pH enhances solubility by means of
intermolecular and intramolecular electrical repulsion between charged amino groups (A. Lee &
Hong, 2009; Sæther, Holme, Maurstad, Smidsrød, & Stokke, 2008a; H. K. S. De Souza, Bai, Gonc,
& Bastos, 2009). Molecular dynamic simulations have also shown that there is an increase in the
availability of positively charged sites at the surface of chitosan with the increase of acidic pH. In
acidic conditions five different helical motifs are suggested by molecular dynamics simulation
depending on the pH of the solution. In basic pH, chitosan is insoluble and the hydrogen bond
pattern and solvation around the O3 atom is low when compared to acidic conditions (Franca, Lins,
Freitas, & Straatsma, 2008).
Sodium Alginate is extracted from brown algae and is known to be biodegradable and GRAS and
is composed of (1-4)-β-D-mannuronic acid and α-L-guluronic acid. The pKa of alginate is
dependent on the ratio of guluronic and mannuronic acid and varies between pH 3.38 and 3.65
(Abreu et al., 2010; Gåserød, Smidsrød, & Skjåk-Bræk, 1998; Sæther et al., 2008a). Sodium
alginate conformation in water is also an extended coil with a Mark-Houwink constant
characteristic of that conformation equal to 1 (Masuelli & Illanes, 2014).
Previous studies using ITC have shown that an exothermic reaction accompanies the complexation
between chitosan and alginate and a sigmoidal enthalpy vs. molar fraction curve is obtained
characteristic of electrostatic interactions when chitosan is added into alginate (Ren et al., 2016).
The effect of charge ratio on the thermodynamics of PEC formation was not studied in this work.
These non-specific electrostatic interactions was also observed during the interaction of proteinpolysaccharide

systems

including

β-lactoglobulin/Carboxymethylcellulose,
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lysozyme/carrageenan and lysozyme/carrageenan complexes (Goltz et al., 2016; C. J. F. Souza,
Souza, Heckert Bastos, & Garcia-Rojas, 2018) as well as polysaccharide-polysaccharide systems
such as pectin/chitosan (da Costa, de Mello Ferreira, & de Macedo Cruz, 2016); Polysaccharide–
polysaccharide PECs are sensitive to the molecular characteristics and conformation of each
polysaccharide molecule. The pH, temperature and concentration of each polyelectrolyte solution
plays an important role in the thermodynamics of interaction because they influence the electric
charge on polyanionic or polycationic molecules (Turgeon, Beaulieu, Schmitt, & Sanchez, 2003).
The interaction between two aqueous polyelectrolytes are susceptible to phase separation resulting
in solid colloidal particles especially near electrostatic neutralization. At this point, some
polyelectrolyte complexes display an exothermic to endothermic transition leading to phase
separation, aggregation of the PECs or conformational changes of the macromolecules (Schmitt et
al., 2005).
This study focused on studying the thermodynamics of the interaction between sodium alginate
and chitosan as a function of charge ratio and order of addition and used thermodynamic
understanding to offer mechanistic interpretations for the size, size distribution, zeta potential and
stability changes of chitosan/alginate PECs. The fact that there are many studies in the literature
focused on chitosan/sodium alginate enables this study to benefit from the existing know-how and
at the same time further fine tune the mechanistic understanding of the formation of these PECs.
Specifically, this study tightly controls the pH of PECs formation so that the results are not clouded
by variability of pH during the formation of PECs, since it is well-known and confirmed in this
study that the magnitude of the attractive forces defined by the difference in zeta potential are a
strong function of pH. Second, the molar charge ratio is also carefully controlled to enable
understanding the formation dynamics as a function of molar charge ratio and order of addition.
Third, the particle size, PDI, and zeta potential are studied at all these molar charge ratios to bring
clarity to the dynamics of formation of PECs. Fourth, changes in particle size and particle size
distribution, zeta potential, particle morphology and particle stability during shelf life were studied
to establish the degree of robustness of PECs as a function of molar charge ratio and order of
addition. The study offers new and clearer mechanistic insights with new explanations related to
how the polyelectrolyte complexes are formed and how the thermodynamic forces define the
particle size and particle size distribution as a function of molar charge ratio and order of addition.
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4.2

Materials and Methods

4.2.1 Materials
Sodium alginate (TICA-algin® HG 400 Powder, lot #26432, 216 kDa) was generously donated
by TIC GUMS Co. (Belcamp, MD, USA). The guluronic acid content of TICA-algin HG 400 was
60-65% and the mannuronic acid content was 35-40% (Choonara, Pillay, Singh, Khan, &
Ndesendo, 2008). Low molecular weight chitosan (CHI, 448869, Lot# SLBJ5775V, 100 kDa, 80%
deacetylated) was purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). These molecular
weights were confirmed with Analytical Ultracentrifugation. Acetate buffer (0.1 M, pH 4) was
prepared in the laboratory by mixing, sodium acetate anhydrous (≥99.2%) purchased from SigmaAldrich (St. Louis, MO, USA) and acetic acid, glacial (≥99.0%) purchased from Fisher
BioReagents (Hampton, NH, USA). All other chemicals were analytical grade reagents and used
without further purification.
4.2.2 Complex formation
4.2.2.1 Preparation of polyelectrolyte solutions
Acetate buffer (1x102mM) at pH 4 was used for all solutions and it was used to prevent pH
variability which was not controlled in prior studies (Sæther, Holme, Maurstad, Smidsrød, &
Stokke, 2008b); solutions of chitosan and sodium alginate were prepared by dissolving each
polyelectrolyte into the buffer using sealed vials, while stirring at 500 rpm for 1 h at 90°C. Tightly
sealed vials prevented loss of solvent due to evaporation. The heat treatment for chitosan and
sodium alginate was applied to improve their hydration and reduce their viscosity (Smith & HongShum, 2007a, 2007b, 2007c). The pH of the solutions was measured before and after heat treatment,
and no significant change in pH was detected. The solutions were cooled down to room
temperature and we additionally stirred overnight to complete hydration of the molecules.

For the alginate into chitosan experiments, the starting solutions of chitosan were prepared at a
fixed concentration of 0.5 mg/ml, while alginate solutions were prepared at different
concentrations to achieve the different molar charge ratios in this study. Sodium alginate solutions
were prepared at concentrations of 0.007, 0.025, 0.052, 0.105, 0.157, 0.21, 0.261, 0.392, 0.42,
0.445, 0.47, 0.52 and 0.6 mg/ml. For the chitosan into alginate experiments, a constant
concentration was also used for the starting solution, sodium alginate at 0.104 mg/ml. Chitosan
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aqueous solutions were added dropwise in the amounts of 0.005, 0.01, 0.02, 0.03, 0.04, 0.05, 0.075,
0.08, 0.085, 0.09, 0.1 and 0.115 mg/ml in order to vary the molar charge ratios of the two
polyelectrolytes. The chitosan solutions were added dropwise into alginate with a flow rate of
0.5ml/mi using a syringe pump (NE-300, New Era Pump System, Inc., NY, USA).
4.2.2.2 Particulation of PECs
Polyelectrolyte complexes were prepared as a function of charge ratio at constant pH 4, through
the use of the acetate buffer described above. During complex formation, chitosan at pH 4 was
protonated and carboxyl groups of alginates were ionized (Draget, Skjåk Bræk, & Smidsrød, 1994;
Sarmento, Ferreira, Veiga, & Ribeiro, 2006). The sodium alginate used in this study was higher in
guluronic content (FG = 0.6), which means that its overall pKa value was close to pKG (3.65)
(Draget et al., 1994), and maximum electrostatic attraction between sodium alginate and chitosan
could be achieved at pHs values above this magnitude. Guluronic and mannuronic acid units have
both the MW of 194.14 Da, the MW of D-glucosamine unit of chitosan is 179.17 Da. The titratable
groups “n” of chitosan and alginate were calculated as 448 and 1113 respectively by using
equations (1) and (2) (Aberkane, Jasniewski, Gaiani, Scher, & Sanchez, 2010; Danielsen, Vårum,
& Stokke, 2004; Kasimova, Velázquez-Campoy, & Nielsen, 2011). In this formula, the pKas used
for alginate was 3.65 and 6.3 for chitosan (Draget et al., 1994; J. W. Lee et al., 1999).
𝑚𝑎𝑠𝑠 (𝑔)

Concentration (mol/L) = 𝑉𝑜𝑙. (𝐿)∗𝑀𝑤 (𝑔.𝑚𝑜𝑙−1 )

(1)

𝑛

Charge (q) = 1+10(𝑝𝐻−𝑝𝐾𝑎)

(2)

After calculating the molar charge, q values of the molecules, we selected (q-/q+) values of 0.01,
0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.75, 0.8, 0.85, 0.9, 1.0 and 1.15 for the addition of alginate into
chitosan. In the case of chitosan into alginate (q+/q-) we selected values of 0.05, 0.1, 0.2, 0.25,
0.33, 0.4, 0.5, 0.67, 0.74, 0.8, 0.87, 1.0 and 1.11. We decided to use a reverse ratio of charges to
maintain symmetry in the charge ratio. Complexes were formed by adding dropwise (0.5 ml/min)
1ml of chitosan solution into 1ml of alginate solution or vice versa at the concentrations explained
in section 2.2.1, while stirring at 300 rpm using a magnetic stirrer at room temperature (25 °C).
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4.2.3 Particle characterization by DLS
Characteristics of complexes were evaluated by measuring ζ-potential and average particle size 35 hour after formation and stirring of complexes. Measurements were carried out using a DLS
Zetasizer (Malvern Instruments Ltd., Malvern, UK). For this purpose, 50 µl of sample and 950 µl
of buffer solution were mixed in a disposable cuvette then measured by using a backscattering
angle of 173 degrees. Measurement of each sample was carried out in triplicate and each replicate
was measured 10 times for a total of 30 values per sample. Average size, polydispersity index (PDI)
values and standard deviations were reported. For ζ-potential measurements, the same solutions
were placed in a capillary cell (DTS 1070) and ζ-potential values with standard deviations were
reported. The refractive index for both polysaccharides was 1.53. The refractive index used for the
acetate buffer was 1.33. All measurements were performed at room temperature (25˚C). Zeta
potential measurements were also conducted in triplicates and the average with the standard
deviation were reported. The Smoluchowski approximation was used because all the samples were
dispersed in polar buffer media (Mirtič, Ilaš, & Kristl, 2018).

For zeta potential measurements at different pHs, aqueous solutions of chitosan (1.0 mg/ml) and
sodium alginate (1.0 mg/ml) were prepared in acetate buffer (1x102mM) initially at pH 4. The pH
of the polyelectrolyte solutions was adjusted using the Multipurpose titrator (MPT-2) attached to
Zetasizer Nano ZS, in a pH range from 3.5 to 9. The pH was adjusted automatically using NaOH
(0.5 and 0.8 M) and HCl (0.5 M) and later the solutions were placed automatically in a folded
capillary cell (DTS 1070) for zeta potential determination using the DLS at an angle of 17˚, with
a dispersant refractive index of 1.33. The refractive index used for both polysaccharides was 1.53.
The temperature of the scattering cell was fixed at 25˚C. Three (3) zeta potential measurements
were performed for each pH interval and the average with the standard deviation were reported.
4.2.4

Thermodynamic analysis to understand the effect of the order of addition

Thermodynamic properties of the reaction between chitosan and alginate were evaluated using the
Nano ITC (TA Instruments Ltd./USA) isothermal titration calorimeter (ITC). The cell volume was
950 µL and each titration consisted of an initial 1 µL injection and was followed by 24 programmed
subsequent 2.5 µL injections. The first injection was ignored due to the diffusion of the titrant onto
the reaction cell to reach equilibrium resulting in non-reactive energy production and leads to
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errors during the simulation of the data. All experiments were run at room temperature (25˚C) with
300 rpm mixing. The interval between each injection was set to 250 s to allow enough time for the
heat signal to return to the baseline. For the chitosan into alginate experiments, 1x10-2 mM chitosan
was injected into 2.41x10-4 mM alginate solution. The 1x102mM acetate buffer was injected into
2.41x10-4 mM alginate solution and 1x10-2 mM chitosan was injected into buffer to obtain the
heats of dilution and were subtracted from the heat of reaction measured. For alginate into chitosan
experiments, 2.5 µL of 1.21 x10-2 mM alginate was injected into 950 µL of 1.0 x 10-3 mM chitosan.
The 1x102mM acetate buffer was injected into 1.0 x 10-3 mM chitosan; 1.21 x10-2 mM alginate
was injected into buffer and the heat of dilutions measured were subtracted from the heats of
reaction. The enthalpy change per injection was converted into a cumulative enthalpy change as a
function of charge ratio by taking into account the molar concentration ratio multiplied by the
appropriate molar charge for each component resulting in the cumulative charge ratio. The molar
ratio calculation was automatically done by the NanoAnalyze Data Analysis Version 3.7.5, which
came with the ITC.
4.2.5 Morphology of particles
The morphology and dimensions of the complexes were characterized using a NOVA nanoSEM
from FEI (Hillsboro, OR, USA) to compare and evaluate particle size and aggregation. The beam
intensity used for the analysis was 5 KV. The colloidal dispersion was diluted 10 times and a 10
μl drop was placed on a Thermanox® sterile coverslip (Thermofisher, Waltham, MA, USA) and
was allowed to air dry. The samples were sputtered under vacuum for 90 s with palladium using a
Cressington sputter coater 208HR (Cressington Scientific Instruments, Walford, England). SEM
pictures were taken at a magnification of 20,000x with a 3 μm scale. In order to obtain the best
contrast between charge ratios two widely different charge ratios (0.1 and 1) were selected for the
chitosan into alginate and alginate into chitosan PECs.
4.2.6 Shelf-life stability of PECs-experimental design and statistical analysis
Shelf life stability of complexes were investigated for 8 weeks by monitoring the zeta potential
and particle size at the end of week 1, 2, 3, 4 and week 8. For this purpose, five replicates of 12
different charge ratios were prepared for two orders of addition and they were stored at 4oC. Before
the measurement, samples were left standing for 1 hour to enable them to re-equilibrate to room
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temperature and mixed to ensure homogeneity within the samples. Around electrical neutrality
mixing also helped to avoid settling of particles. Analysis of variance (ANOVA) (SPSS, Inc.,
Chicago, IL) was conducted to determine if the changes were statistically significant. Data means
were subjected to Duncan’s post hoc test and a p-value < 0.05 was considered statistically
significant.

4.3

Results and Discussion

4.3.1 Zeta potential as a function of pH for both polyelectrolytes and selection of the
optimal pH for PEC formation
Unlike previous studies (Saether at al. 2008) in this study the pH was kept constant for all
experiments in order to clearly and soundly understand the effect of the charge ratio and order of
addition on complexation of sodium alginate with chitosan. Specifically, this study tightly controls
the pH of PECs formation so that the results are not clouded by variability of pH during the
formation of PECs, since it is well-known that the magnitude of the attractive forces defined by
the difference in zeta potential are a strong function of pH. It is well known that complex formation
between amine groups of chitosan and carboxyl groups of alginate is influenced by the variation
of pH due to its effect on polyelectrolyte functional groups (Sæther et al., 2008a; Simsek-Ege,
Bond, & Stringer, 2003).
While our study does not look at variation in the backbone chemistry of chitosan (changes in
degree of deacetylation) or sodium alginate (guluronic to mannuronic acid ratio) it focuses on the
pH where the zeta potential difference and electrostatic attraction is maximum (pH 4) as shown in
Figure 30 and maintains the pH constant as a function of charge ratio and order of addition unlike
the study of Saether et al., (2008).
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Figure 30. Zeta potential of chitosan (▲) and sodium alginate (●) as a function of pH
4.3.2 Thermodynamics of interaction of alginate and chitosan as a function of order
addition and charge ratio by Isothermal Titration Calorimetry
Thermograms of both alginate into chitosan and chitosan into alginate addition at pH 4 are shown
in Figures 31 and 32. When chitosan and alginate solutions were injected into free buffer and the
buffer was injected into chitosan and alginate solutions they produced a weak peak that measured
the heat of dilution of each polysaccharide by the buffer (about ten times smaller than
polysaccharide into polysaccharide titration peaks). The heat of dilution was subtracted from the
heat of complexation to correct for the effect of dilution. All buffer injections into each chitosan
and sodium alginate solutions gave exothermic peaks (Figure 33). However, chitosan solution
injections into the buffer resulted in exothermic peaks (Figure 33c) while alginate solution
injection into the buffer resulted in endothermic peaks (Figure 33a). The addition of buffer into
the alginate solution results in further hydration of hydrogen bonds of guluronic or mannuronic
acid which typically generate endothermic peaks. With chitosan on the other hand the acidic buffer
results in protonation of the amine groups. Amines are bases because they have a lone pair of
electrons that can accept a proton from acids which is an exothermic process and therefore results
in small exothermic peaks (Ren et al., 2016).
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A
Exothermic

B

Figure 31. ITC thermogram of alginate in chitosan experiments (A). Fitted isotherm using
independent binding model, where symbols (■) represent integrated data and line depict the fitting
of the data (B). Alginate in buffer and Buffer in Chitosan are given in Supplementary materials S1.
Both titrations of alginate into chitosan and chitosan into alginate showed exothermic behavior
(Figures 31a and 32a). Alginate into chitosan had endothermic peaks after saturation and this was
the result of the dilution of hydrogen bonds (endothermic), while the titration of chitosan into
alginate showed exothermic peaks after saturation and this was because of the protonation of amine
groups (exothermic) (Figure 33).
To analyze the ITC thermograms mechanistically, the “one site model” was selected. The selection
of this model is appropriate because one macromolecule reacts directly with the other molecule
and does not depend on anything other than the availability of both molecules. The goodness of fit
of the one site model was estimated at a 95% confidence level and is shown in Figures 31b and
32b.
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Exothermic

B

Figure 32. ITC thermogram of chitosan in alginate experiments (A). Fitted isotherm using
independent binding model, where symbols (●) represent integrated data and line depict the fitting
of the data (B). Chitosan in buffer and Buffer in Alginate are given in Supplementary materials S1.

Figure 33. ITC thermograms of Alginate in buffer (a), buffer in Chitosan (b), Chitosan in buffer
(c) and Buffer in Alginate (d)
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Polyelectrolyte complex formation is dominated by electrostatic interactions between charged
monomers, and polyelectrolyte intrinsic flexibility which facilitates or inhibits alignment between
the two macromolecules leading to electrostatic interactions between the two macromolecules
(Ren et al., 2016). The Gibbs free energy (ΔG) was the same with respect to the order of addition
and had the same value of -51.37 kJ/mol per each combination and both binding constants (Ka)
were equal to 1x109 M and showed that the affinity and spontaneity of the ionic interaction was
high between the two polyelectrolyte polymers regardless of the order of addition (Mertins &
Dimova, 2011). The actual binding isotherms for chitosan into alginate and alginate into chitosan
are shown in Figures 31a and 32a. The isotherms showed that the enthalpy of reaction was different
for each order of addition. The isotherm for alginate into chitosan showed greater exothermic
energy expanded initially and throughout most of the injections giving 90 μJ/injection while for
the injection of chitosan into alginate the energy expanded is smaller with approximately 40 μJ per
injection. The overall enthalpy is -3207 kJ/mol for alginate into chitosan and -1638 kJ/mol for
chitosan into alginate. The entropy change is also significantly different; for alginate into chitosan
the entropy change is -10.583 kJ/mol.K and for chitosan into alginate the entropy change is -5.473
kJ/mol.K.

Clearly there were entropic conformational change differences that drove the particulation process
in addition to the enthalpy change, with the net result of stronger interactions between chitosan
into alginate compared to alginate into chitosan. The outcome is smaller PECs when alginate was
added into chitosan reflecting the higher entropic order in the particles and the reverse was
observed when chitosan was added into alginate. The thermodynamics offer new and detailed
understanding of the particulation process never described and explained before as in this study. It
is also interesting to note that when we add alginate into chitosan the stoichiometric analysis
suggested that 0.423 molecules of alginate were associated with 1 molecule of chitosan reflecting
the differences in the molecular size and molecular charge of chitosan and alginate. Since an
alginate molecule has a molecular weight of ~200 kDa and a chitosan molecule has a molecular
weight of ~100 kDa and the charge ratio between chitosan and alginate is 538/1113 (0.48), the
stoichiometric constant (n) reflects approximately the number of molecules of chitosan per
molecule of alginate necessary to obtain electrical neutrality.
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On the other hand, when chitosan is added into alginate, the stoichiometric constant is equal 1.09.
Unlike the strong interaction which occurred between alginate and chitosan only approximately
1.1 molecules of chitosan are associated with one alginate molecule forming looser and incomplete
particles. This is reflected in the enthalpy and entropy of association. All thermodynamic
parameters combined suggest that the lack of strong interactions lead to larger particles. In fact, in
Figure 34, particle size of chitosan into alginate PECs were a little less than twice as large as
alginate into chitosan particles. Large negative enthalpy values give the proof of stronger
electrostatic interactions when alginate was added into chitosan compared to when chitosan was
added into alginate. The stronger entropy changes reflect the greater order in smaller PECs formed
in the case of alginate into chitosan compared to the smaller entropy changes leading to looser and
less ordered particles in the case of the addition of chitosan into alginate (Figure 35).
The zeta potential and enthalpy dependence on molar charge ratio ([n-/n+] for alginate into chitosan,
[n+/n-] for chitosan into alginate) in Figure 34 had a mirror image type relationship. Increasing
charge ratio from 0.8 [q-/q+] to 1.15 [q-/q+] yielded a sharper transition in enthalpy and zeta
potential values of complexes for alginate into chitosan PECs (Figure 34a and 34b). This transition
range had a similar trend to average particle size reaching 10 µm when charge neutrality is reached.
The same trend was observed for chitosan in alginate titration between [q+/q-] of 0.3 and 0.7.
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Figure 34. Change of particle size, zeta potential and enthalpy as a function of charge ratio and
order of addition. Alg (Sodium Alginate), Chi (Chitosan), D (nm): Particle Size, ζ (mV): Zeta
Potential, Q (μJ): Heat of reaction from ITC experiments.
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Figure 35. Schematic mechanism of PEC formation as a function of the order of addition and
charge ratio.

4.3.3 Morphology
The SEM micrographs in Figures 36 show the morphologies of PECs as a function of charge ratio
and order of addition. Both alginate in chitosan and chitosan in alginate PEC particles showed
distorted spherical shapes at various particle size distribution related to the order of addition and
charge ratio. Regularity in shape and particle size was affected by the selected charge ratio.
Alginate in chitosan particles were the smallest at the charge ratio of 0.1. While a majority of the
particles were in the range of 100-250 nm, there were also some larger particles up to 1.05 μm that
were not well detected with DLS. At this charge ratio, as indicated by zeta potential measurements,
the particles were positively charged because chitosan was in excess and forms a layer around the
PECs leading to a net positive charge for the particles. Increasing the charge ratio to 1 (electrical
neutrality) increased the particle size and gave particles one micron and larger which could be the
result of possible aggregation between particles because charge neutrality made it impossible for
particles to repulse one another. On the other hand, when chitosan was added to sodium alginate,
the particles were negatively charged. We already addressed how the entropy change in this order
of addition results in less order than alginate into chitosan and the enthalpy of interaction is less
than in the case of chitosan into alginate leading to relatively larger particles in the range of 300400 nm with some larger particles present. The order of addition results in a different particle
profile for alginate into chitosan and chitosan into alginate as discussed earlier in section 3.2 and

109
depicted in Figure 35. The SEM and the DLS results in Figures 34a and 34b confirmed the
mechanistic interpretations offered through thermodynamic studies. In both cases the particle size
increased in general as the charge ratio increased.

a) Alginate in chitosan at R+=0.1

b) Alginate in chitosan at R+=1.0

c) Chitosan in alginate at R-=0.1

d) Chitosan in alginate at R-=1.0

Figure 36. SEM images of PECs; a) Alginate in chitosan at R+=0.1, b) Alginate in chitosan at
R+=1.0, c) Chitosan in alginate at R-=0.1 and d) Chitosan in alginate at R-=1.0, where R is charge
ratio.

In Table 6, it can also be observed that the polydispersity index of the particles also increased
substantially when the molar charge ratio was closer to 1. This was clearer for the experiments of
alginate into chitosan, where the PDI was ~ 1 when the particles were fabricated at a molar charge
ratio around the neutralization zone. In the charge ratio range between 0.01 to 0.75, when sodium
alginate was added into chitosan, both the particle size and PDI were fairly controlled with particle
sizes and PDI centered ~ 260 nm and ~ 0.3, respectively. This is the result of stronger interactions
between alginate and chitosan as indicated by ITC data. The same type of phenomenon was
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observed when chitosan was added into alginate, with the exception of low charge ratios where
the particle sizes for 0.05 and 0.1 were unexpected. But between 0.2 and 0.6, the particle sizes
were centered ~500 nm, almost twice as large when compared to the addition of alginate into
chitosan. The PDIs of these particles were fairly constant with values centered ~0.38.

As electrical neutrality was approached, for both positively and negatively charged particles, the
particle sizes rapidly increased and were around 1 µm and larger for alginate into chitosan. The
PDIs were also higher around electrical neutrality for the positively charged particles, but the same
phenomenon was not observed for the negatively charged particles. The ITC results, as discussed
before, offer thermodynamics insights for why these changes occurred. This is clearly a nucleation
process, where spontaneity and speed of nucleation have an impact on the organization of the
particles. Because of the strength of interaction on the positive side, nucleation happened very
rapidly and smaller particles were formed, but when electrical neutrality occurred, the rate of
interaction decreased and led to particle sizes ~1-5 µm.

Also, when sodium alginate was added into chitosan, larger molecules (alginate) were injected in
the smaller molecule (chitosan) and the smaller molecule swarmed and rapidly interacted with the
bigger molecule. But when the smaller molecules interacted with the larger molecules, they
organized around the bigger particle and this led to smaller entropic changes. The relationship
between particle size and zeta potential can also be observed in Figures 34a and 34b, as the zeta
potential of the particles started to approach to zero (0) mV, the particle size increased. This can
be attributed to the neutralization of the particles and subsequent aggregation and precipitation
(Gan, Wang, Cochrane, & McCarron, 2005; Jiang, Oberdörster, & Biswas, 2009). This was more
evident for the particles obtained after alginate was added into chitosan. In this case, the results
showed that at charge ratio of 0.1, the particle size of the PECs was ~260 nm with a zeta potential
of 41 mV. On the other hand, between charge ratios of 0.9 and 1, the particle size increased from
1.4 µm to ~5 µm, and the zeta potential changed from positive ~28 mV to negative (-)14 mV
passing through a zone of neutralization (0 mV) between these two charge ratios.
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Table 6. Summary of particle size, zeta potential, polydispersity index and the standard
deviations of PECs prepared with sodium into alginate and alginate into sodium.
Molar charge ratio

PS1 (nm)

ZP2 (mV)

PDI3

0.01

287 ± 38

38.8 ± 4

0.34 ± 0.04

0.05

253 ± 29

35.1 ± 6.1

0.3 ± 0.01

0.10

267 ± 39

40.9 ± 2.7

0.32 ± 0.04

0.20

243 ± 17

35.5 ± 6.2

0.28 ± 0.05

0.30

254 ± 39

35.9 ± 6.4

0.37 ± 0.05

0.40

253 ± 13

38.3 ± 3.4

0.26 ± 0.03

0.50

270 ± 22

37.1 ± 2

0.22 ± 0.03

0.75

316 ± 16

32.3 ± 6

0.28 ± 0.01

0.80

510 ± 64

32.5 ± 4.8

0.71 ± 0.09

0.85

1178 ± 71

30.1 ± 6.2

0.93 ± 0.12

0.90

1383 ± 107

27.6 ± 2.7

1 ± 0.01

1.00

4970 ± 993

-14.3 ± 7.7

0.92 ± 0.14

1.15

2436 ± 112

-23.7 ± 4.2

0.55 ± 0.26

1.25

2211 ± 508

-27.7 ± 3.2

0.62 ± 0.12

1.25

727 ± 166

34.3 ± 2.6

0.4 ± 0.08

1.17

1209 ± 135

35.6 ± 1.7

0.33 ± 0.04

1.11

792 ± 196

33.3 ± 1.7

0.42 ± 0.06

1.00

821 ± 138

32.6 ± 5.3

0.34 ± 0.05

0.87

855 ± 187

31 ± 3.4

0.47 ± 0.05

0.80

1094 ± 137

30.5 ± 3.6

0.35 ± 0.05

0.75

1000 ± 164

23.1 ± 5.7

0.31 ± 0.03

0.60

513 ± 20

-24.5 ± 1.3

0.38 ± 0.03

0.50

477 ± 17

-33.8 ± 1.7

0.39 ± 0.19

0.40

439 ± 39

-36.7 ± 1.9

0.39 ± 0.05

0.33

465 ± 40

-38.4 ± 2.3

0.38 ± 0.05

0.25

537 ± 36

-39.8 ± 1.6

0.35 ± 0.05

0.20

638 ± 89

-38.2 ± 3.7

0.42 ± 0.03

0.10

1045 ± 125

-41.2 ± 2.6

0.46 ± 0.005

0.05

1504 ± 258

-34.9 ± 4.5

0.32 ± 0.09

Chitosan into sodium alginate

Sodium alginate into chitosan

Order of addition

1

2

3

Particle size, Zeta potential and Polydispersity index. Each data point represents the average and standard deviation
from three replicates.

4.3.4 Changes during storage of PECs
As shown in Figures 39a and 39b, both particle size and zeta potential (Figure 40) of the PECs
were affected by charge ratio significantly (p<0.05) for each order of addition as a function of
storage time. Chitosan in alginate PECs were particularly affected (p<0.05). For PECs of alginate
into chitosan, the particle size during storage was more stable for the charge ratios below 0.85. For
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those particles fabricated with charge ratios above 0.85, the particle sizes started to increase after
one week of storage; this increasing of particle size was accompanied by an approximation of the
zeta potential to the neutralization zone (~0 mV). On the other hand, those PECs fabricated with
the addition of chitosan into alginate and charge ratios below 0.67 showed stability in their particle
size during storage, but when the charge ratio was above 0.67, their particle sizes increased after
one week of storage. Also, their zeta potential stated to vary and moved closer to the neutralization
zone after one week. ITC results offered a sound explanation for the stability profiles of particles.
The alginate in chitosan particles were more stable than the chitosan in alginate particles consistent
with the magnitude of enthalpy and entropy change for each order of addition. As shown in Figures
34a and 34b largest change in particle sizes as a function of storage time were obtained at the
electrical neutrality point for each order of addition. These results prove that particles obtained
below neutralization point have higher stability and the rate of particle size increase was very small
keeping approximately their original size during storage at 4°C for 8 weeks especially for the
alginate into chitosan PECS. Another outcome of this study shows that alginate in chitosan PECs
at charge ratios below neutrality have smaller and more stable particles compared to chitosan in
alginate PECs. The thermodynamic origin of these results has already been covered and we have
a mechanistic understanding of why smaller and more stable particles are obtained when alginate
is added into chitosan compared to chitosan added into alginate.
a

b

Figure 37. Stability of Particle Size of PECs during storage as a function of order of addition and
charge ratio.
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a

b

Figure 38. Stability of Zeta Potential of PECs during storage as a function of order of addition
and charge ratio.

4.3.5 Conclusion
This study focused on understanding the effect of charge ratio, order of addition and resulting
thermodynamics of interaction on the formation and properties of polyelectrolyte complexes
(PECs) from sodium alginate and chitosan. The zeta potential difference was optimal at pH 4 for
the formation of PECs. ITC results showed that stoichiometry and enthalpy of reactions were
strongly affected by the order of addition and influenced the average particle size and zeta potential
of PECs. The addition of the negative polyelectrolyte (alginate) into the positive polyelectrolyte
(chitosan) resulted in stronger interactions as characterized by the larger enthalpy and entropy of
complexation which led to smaller and more stable particles. Morphologies of complexes studied
using scanning electron microscopy (SEM) showed distorted spherical particles. Alginate in
chitosan gave more stable PECs and chitosan in alginate less stable PECs.
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5.1

Introduction

The most commonly used method for the fabrication of nanotubes is the layer-by-layer (LbL) selfassembly which relies on electrostatic interactions (Ai, Lu, He, & Li, 2003; Yang, He, Duan, Cui,
& Li, 2007; He, Cui, Ai, Tian, & Li, 2009; Shiraishi, Akiyama, Sato, Hattori, & Komatsu, 2014).
Besides electrostatic interactions, other important design parameters can also influence the
fabrication and stability of bionanotubes. The difference in the magnitude and sign of the zeta
potential (Ladam et al., 2000), molecular weight of the polyelectrolytes (Kolarik, Furlong, Joy,
Struijk, & Rowe, 1999; Yan, Khor, & Lim, 2001), structure and flexibility of the polymers
(Steinhart, Wehrspohn, Gösele, & Wendorff, 2004), all play an important role. Extrinsic
parameters of the biopolymers such as the concentration and concentration ratio (Cheung, Stockton,
& Rubner, 1997), solvent composition (Klitzing, 2006), temperature of dispersion and reaction
between the polymers (Roopa & Bhattacharya, 2009) can affect their deposition on surfaces. In
addition, surface chemistry for adsorption between the first layer and template (Dauginet, Duwez,
Legras, & Demoustier-Champagne, 2001), synergistic reaction between biopolymers (Lvov, Ariga,
Ichinose, & Kunitake, 1995), number of deposited layers (Hou, Wang, & Martin, 2005; Yang et
al., 2007; Cho, Lee, & Hong, 2014), and salt concentration (Alem, Blondeau, Glinel, DemoustierChampagne, & Jonas, 2007; Dubas & Schlenoff, 1999; Lowack & Helm, 1998); all can play
significant roles in the formation of thin films. While the parameters that affect the formation of
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layer-by-layer deposited thin two dimensional films have been well studied, similar studies
focused on edible polyelectrolyte complex nanotubes (EPCNs) are rare.
The LbL deposition technique is generally used with the assistance of a porous template like
aluminum oxide (AO) or track-etched polycarbonate (TEPC) which allows the formation of single
or multilayer nanotubes (Roy, Buron, Demoustier-Champagne, & Jonas, 2012). The polycarbonate
(PC) track-etched nanoporous membranes are one of the most convenient template materials
because they are easily dissolved in a few solvents such as dimethyl formamide (DMF) and
dichloromethane (DCM) allowing the extraction and dispersion (in aqueous solution) of virtually
intact nanotubes (Azzaroni & Lau, 2011; Sadeghi et al., 2013; Saghazadeh et al., 2015). This
extraction step can be challenging for the template-assisted method because the nanotubes can
aggregate and the integrity of the layers can be damaged if they are not compatible with the
dissolving agent (Qu & Komatsu, 2010; Jiao, Guo, Niu, & Kang, 2015). The PC membranes are
available in different pore sizes allowing the fabrication of nanotubes with different diameters.
The pore size and thickness of the template determines the final dimensions of the nanotubes,
including wall thickness (Alem et al., 2007; C. J. Roy, Dupont-Gillain, Demoustier-Champagne,
Jonas, & Landoulsi, 2010; Cho et al., 2014). The biopolymers used in the fabrication of EPCNs
should be easily dispersible in the solvent of choice; water is one of the solvents most conveniently
used. The dispersed biopolymers should possess large opposite charges and be able to form
secondary bonds (electrostatic, ionic or hydrogen bonds) with the template membrane and
subsequent layers. Different combinations of biopolymers have been successfully used to form
nanotubes, including proteins (Nair, Nakano, Ito, & Abe, 2013; Poleunis, Dupont-Gillain,
Demoustier-Champagne, Delcorte, & Kalaskar, 2013; Sadeghi et al., 2013; Jiao et al., 2015), DNA
(Pearce & Kokkoli, 2015), branched polymers (Yang et al., 2007), phospholipids (Lu, Ai, & Li,
2005), and viruses (Mukherjee, Pfeifer, Johnson, Liu, & Zlotnick, 2006). The potential application
of nanotubular systems will depend on the stability and type of polymers used. Nanotubes have
been used in different applications like biosensors and biomedicine (Lu et al., 2005; Gilmore, Yi,
Quan, & Kabanov, 2008), delivery of bioactive compounds, drugs or DNA (He, Tian, Cui,
Möhwald, & Li, 2008; Chia, Rubner, & Cohen, 2009; Jiao et al., 2015), controlled enzymatic
activity (Hou et al., 2005), molecular probes (Azzaroni & Lau, 2011) and many others.
Bovine serum albumin (BSA) and sodium alginate are potentially two biopolymers that can be
effectively used for the fabrication of nanotubes and have not been studied before. BSA is a water
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soluble globular protein with a molecular weight of 66700 g/mole and a radius of gyration (Rg)
about 3.05 nm (Bendedouch & Chen, 1983). The structure of BSA is mainly determined by its 583
amino acids and its 17 disulfide bridges between cysteines (Bujacz, 2012). Among its sequence of
amino acids there are side chains that can interact with other polymers and the surfaces they come
in contact through hydrogen bonds, hydrophobic interactions, van der Waals or electrostatic
interactions. BSA possesses ionizable side chains that are protonated at pH below 5 and
unprotonated around neutral pH, resulting in zeta potential range of +20 mV and -30 mV,
respectively (Sadeghi et al., 2013). This magnitude may be affected by ionic strength, type of
buffer used and biopolymer concentration. Sodium alginate is a linear non-starch polysaccharide
composed of 1,4-β-D-mannuronopyranosyl (M) and 1,4-α-L-guluronopyranosyl units (G). The
linear chains can contain homopolymeric blocks (i.e. MM- and GG-blocks), but they can also be
heteropolymeric blocks (i.e. MG-blocks). It is obtained from brown seaweeds of the class
Phaeophycea (Draget, Smidsrød, & Skjåk-Bræk, 2005; Meng, Winters, & Liu, 2015). It is soluble
in hot and cold water. Its aqueous viscosity is low below pH 5.5 and can form strong gels in the
presence of Ca2+ (Walter, 1998). The molecular weight of sodium alginate is variable and depends
on the source, the ratio of G-, M- and MG-blocks (Horton, Harding, Mitchell, & Morton-Holmes,
1991; Mutalik et al., 2006).

In this paper, we hypothesized that the manufacture of template based layer-by-layer deposition of
nanotubes is non-trivial and happens only in a very narrow window of intrinsic and extrinsic
properties. Accordingly, our aim was to explore the range of these variables where sodium alginate
and bovine serum albumin (BSA) were able to form EPCNs by using a polycarbonate membrane
as template. More specifically, we provide detailed information on the effect of pH, rate of addition,
template pore size, biopolymers ratio and biopolymers concentration on the fabrication of EPCNs.
We determined the range where the manufacturability of EPCNs is feasible. The fundamental
understanding and control of these parameters can lead ultimately to the fabrication of EPCNs
with almost any combination of biopolymers that eventually can find applications in several areas
of biology and material sciences and surface functionalization.
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5.2

Materials and Methods

5.2.1 Materials
Bovine serum albumin (BSA, A7030, Lot # SLBJ7347V, lyophilized powder, purity ~98%) was
purchased from Sigma–Aldrich Co. (St. Louis, MO, USA). Sodium alginate (TICA-algin® HG
400 Powder, lot #26432) was generously donated by TIC GUMS Co. (Belcamp, MD, USA). The
gulunoric content of TICA-algin HG 400 was found to be 60-65% and the mannuroic acid content
was found to be 35-40% (Choonara, Pillay, Singh, Khan, & Ndesendo, 2008). The biopolymers
were used without further purification. The water used for the experiments was deionized Type I
water (18.2 MΩ cm at 25 °C) using water purification system (Barnstead GenPure xCAD Plus,
Thermo Scientific, Waltham, MA, USA) with 0.2 µm internal filter. The track-etched
polycarbonate (PC) membranes (Isopore, 13 mm diameter, pore size diameter 200, 400, 600 and
800 nm) as well as the Swinnex filter holder were purchased from Millipore Corporation (Billerica,
MA, USA). Sodium phosphate, monobasic (≥99.0%), sodium phosphate, dibasic (≥98.5%), and
sodium acetate anhydrous (≥99.2%) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Acetic acid, glacial (≥99.0%) was purchased from Fisher BioReagents (Hampton, NH, USA).
Acetate buffer (0.2 M, pH 3, 4, 5 and 6) were prepared in the laboratory by mixing, sodium acetateacetic acid, respectively. Similarly, PBS (10 mM, pH 7) was prepared in the laboratory by mixing
sodium phosphate, monobasic and sodium phosphate, dibasic. All other chemicals were analytical
grade reagents and used without further purification.
5.2.2 Preparation of solutions for zeta potential, ITC measurements and fabrication of
EPCNs
Zeta potential and fabrication of EPCNs
For zeta potential measurements, aqueous solutions of BSA (0.8 mg/ml) and sodium alginate (0.6
mg/ml) were prepared in deionized water, acetate buffer initially at pH 4 or phosphate buffer
initially at pH 7. For the fabrication of nanotubes, acetate buffer was chosen as solvent for pH 3-6
and phosphate buffer for pH 7. BSA and sodium alginate were dispersed under stirring at 600 rpm
(12 h for sodium alginate and 2 h for BSA), the solutions were filtered through a 0.45 µm low
protein binding PVDF syringe filters. Prior filtering, sodium alginate solution was heated at 80 °C
for 10 min and then cooled down to room temperature. Especially for the fabrication of EPCNs, it
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is critical to filter the solutions with a pore size similar or smaller than the pore diameter on the
PC membrane being used as template to avoid clogging of the pores in the membranes.
ITC measurements
BSA (180 μM) and sodium alginate (2.77 μM) were dissolved in 0.2 M acetate buffer at pH 3, 4,
5 or 6. Phosphate buffer saline (PBS, 10 mM) was used for the solutions at pH 7 (Bisen, 2014).
For complete hydration, the solutions were stirred at 600 rpm (12 h for sodium alginate and 2 h
for BSA). In addition, the solutions were dialyzed overnight at 4 °C against 2 liters of buffer
solution through molecular porous membrane tubings (Spectrum Laboratories Inc., New
Brunswick, NJ, USA) with a 12-14 kDa cut-off. Buffer solutions were used in these experiments
to eliminate any possible experimental error from the pH disparity.
5.2.3 Measurement of zeta potential (ZP) of BSA and sodium alginate at different pH
values.
The zeta potential at different pHs was measured with a commercial dynamic light scattering (DLS)
instrument (Zetasizer Nano ZS, Malvern Instruments, Malvern, UK) and the Multipurpose titrator
(MPT-2) attached to Zetasizer Nano ZS, in a pH range from 3.5 to 10. The pH was adjusted
automatically using NaOH (0.5 and 0.8 M) and HCl (0.5 M). The ZP was measured every 0.5
intervals of pH using a folded capillary cell (DTS 1070), an angle of 17˚, with a dispersant
refractive index of 1.330. The refractive indexes for BSA and sodium alginate were 1.450 and
1.530, respectively. The scattering cell was fixed at a temperature of 25 ˚C. For each pH interval,
three zeta potential measurements were performed and the average with the standard deviation
were reported. For all zeta potential measurements, the Smoluchowski approximation was used
given the fact that our samples were dispersed in aqueous media. In the Zetasizer nano series, the
zeta potential is estimated by measuring the electrophoretic mobility and applying Henry’s
equation. The electrophoretic mobility can be obtained by determining the velocity of the particles
using Laser Doppler Velocimetry (LDV). The magnitude of the zeta potential gives an indication
of the potential stability of the biopolymers and bionanoparticles in solution. Its magnitude is a
function of pH, and this is a critical parameter for the fabrication of nanotubes when using the
template-assisted method.
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5.2.4 Isothermal titration calorimetry (ITC) at different pHs
An ITC (Nano ITC - Standard Volume, TA Instruments, New Castle, DE, USA) was utilized to
measure the enthalpic and entropic changes occurring during the interaction of BSA-sodium
alginate. For all the experiments, the interactions were measured at 25 ºC. The buffer solutions at
different pHs were used to eliminate any possible experimental error as a consequence of pH
mismatch. Deionized water was used in the reference cell. The BSA and sodium alginate solutions
were degassed for 10 min under vacuum on the Degassing Station to prevent the formation of
bubbles in the calorimeter cell. The stirring syringe was filled with BSA (250 μl). A total of 25
injections (10 μl each) were discharged sequentially into the titration cell containing sodium
alginate (V = 1.3 ml) at 300 seconds intervals and stirring speed of 300 rpm. The initial delay for
the first injection was 300 s. The first injection only contained 5 μl of titrant and it was aimed to
be eliminated; because at the start of an ITC experiment there is always a relatively low heat
produced due to diffusion of the titrant into the titrand solution during equilibration time. Thus,
the first injection was not considered as part of the analysis. The heat of dilution from a control
experiment was measured by injecting similar amounts of BSA into the buffer solution. The energy
corresponding to each of these injections was subtracted from the data associated with the BSAsodium alginate mixing to obtain corrected enthalpy (ΔH) changes. The analysis of the calorimetric
data was carried out with Nanoanalyze software (v3.6) by fitting the corrected data with a model
for one or multiple binding sites to obtain the binding stoichiometry (n), molar enthalpy change
(ΔH), molar entropy change (ΔS) and equilibrium constant (K). The molar Gibbs free energy (ΔG)
was determined using the equation: ΔG = ΔH – TΔS.
5.2.5 Fabrication procedure of EPCNs with different template pore sizes and number of
depositions as a function of pH, flow rates, biopolymers ratio and biopolymers
concentration
Before the deposition of the biopolymer layers, the PC membranes were observed under
microscope to understand their pore size distribution and their impact on the nanotubes diameter.
The nanotubes were engineered following procedures reported in prior studies (Liang, Susha, Yu,
& Caruso, 2003; Qu & Komatsu, 2010; Sadeghi et al., 2013). For the fabrication of the nanotubes,
a polycarbonate (PC) membrane (13 mm diameter, pore diameters of 200, 400, 600 or 800 nm)
was placed into a swinnex filter holder (13 mm). The first layer consisted of filtering 10 ml of
acetate buffer solution (0.2 M, pH 4) of BSA (0.8 mg/ml) through the PC template (1.0 ml/min)
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using a syringe pump (NE-300, New Era Pump System, Inc., NY, USA). Positively charged BSA
molecules at pH 4 are adsorbed on the internal surfaces of the pores or on the bottom and top
surfaces of the PC template. This allows the formation of a positive thin film on the surfaces. After
this step, the template was washed by filtering 10 ml of acetate buffer solution (0.2 M, pH 4) at a
flow rate of 1.0 ml/min to remove the unbound BSA molecules. The PC membrane was then
removed from the swinnex filter holder, and the top and bottom surfaces were wiped gently using
a cotton swab moisten with acetate buffer to eliminate the BSA deposited on the bottom and top
surfaces of the PC membrane. The membrane was then dried in a vacuum oven for 10 min at room
temperature and installed back in the filter holder. To complete 1 bilayer of BSA/sodium alginate,
10 ml of the acetate buffer solution of sodium alginate (0.6 mg/ml) were filtered through the PC
template (1.0 ml/min) containing the thin layer of BSA previously deposited. The sodium alginate
solution is negatively charged at this pH and electrostatically interacts with the positively charged
BSA layer. The inner negatively charged sodium alginate layer is then washed with 10 ml of
acetate buffer solution (0.2 M, pH 4) at 1.0 ml/min to remove the unbound sodium alginate
molecules followed by gentle wiping of the top and bottom surfaces using a cotton swab with
acetate buffer and drying under vacuum for 10 min. These 6 previous steps were repeated two,
three or four times to prepare (BSA/Alginate)2, (BSA/Alginate)3, and (BSA/Alginate)4, nanotubes,
respectively. After all the BSA/Alginate bilayers were deposited on the pores of the PC membrane,
the membrane was removed from the holder and then, it was dried under vacuum for at least 12 h
so the nanotubes firm up and stabilize in the membrane pores for ultimately easy removal of intact
nanotubes from the membranes. To evaluate the effect of pH, the fabrication procedure was similar
and only the pH of each biopolymer solution was varied at values of 3, 4, 5, 6 and 7. To evaluate
the effect of flow rate, the flow rate was varied to include 0.3, 0.6, 1.0 and 1.6 ml/min. In both
studies, three (3) layers of each biopolymer were deposited and the BSA and alginate solutions
were prepared at pH 4 and concentrations of 0.8 mg/ml and 0.6 mg/ml, respectively.
To fabricate stable nanotubes, it is important to understand the optimal concentrations for each
biopolymer and the ratio between these concentrations because the process does not work at all
concentrations and all ratios. These concentrations and ratios are also very different from one
system to the next one, as it has been shown that concentration affects the zeta potential (Carneiroda-Cunha, Cerqueira, Souza, Teixeira, & Vicente, 2011). This aspect of nanotube manufacture has
not been well studied in the literature and yet it is very important for the manufacturability of
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nanotubes. For these experiments, only the concentrations and ratio of concentrations were
changed. The rate of addition used was 1.0 ml/min and 3 bilayers were deposited for each set of
treatments at pH 4. The concentrations of the polymers and ratios evaluated were: BSA
(0.2):Alginate (0.1), BSA (0.4):Alginate (0.2), BSA (0.6):Alginate (0.4), BSA (0.8):Alginate (0.6),
and BSA (1.0 mg/ml):Alginate (1.0mg/ml).
5.2.6 Characterization of EPCNs using scanning electron microscopy (SEM)
For the extraction of the nanotubes from PC membranes, individual PC membrane was placed in
a 2-ml microcentrifuge tube and dispersed with 1.5 ml of N,N-Dimethylformamide (DMF)
solution at room temperature for 2-3 minutes. The membrane dissolves immediately liberating the
edible polyelectrolyte complex nanotubes in the process. The solution is centrifuged for 5 min at
5,000 rpm. After this, the supernatant is pipetted out carefully without disturbing the precipitated
EPCNs. After this, 1.0 ml of fresh DMF is added as a washing step. These steps are repeated for
three (3) times to remove completely the impurities and template residues. After DMF is removed
completely and the bionanotubes are dried, the white powder was deposited on the surface of a
carbon tape and coated with a thin layer of palladium. SEM images were acquired using a NOVA
nanoSEM scanning electron microscope from FEI (Hillsboro, OR, USA) with a beam intensity of
5 KV.

5.3

Results and Discussion

5.3.1 Zeta potential (ZP) of BSA and sodium alginate at different pH values
The electrostatic force is the most important driving force for the interaction between two or more
biopolymers and the zeta potential is one of the parameters used to measure the magnitude of this
force. There is no systematic study of the effect of pH on zeta potential and its importance to
fabricate nanotubes using layer-by-layer deposition. In this study, the manufacturing and
characterization of bionanotubes at different pHs conditions are evaluated and an insightful
understanding of the effect of a wide range of pH values on the zeta potential of the biopolymers
is offered. The ZPs of aqueous solutions, and acetate and phosphate buffer solutions of BSA (0.8
mg/ml) and sodium alginate (0.6 mg/ml) were measured. Figure 39 shows the zeta potentials of
these two biopolymers as a function of pH using water, acetate buffer and phosphate buffer as
solvents. The zeta potential for BSA is negative at neutral pH and positively charged in acidic
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solutions due to protonation of its amino acid side chains regardless of what solvent is used. In
fact, the zeta potential values in the low pH range are very similar. These zeta potential results
have similar trends with those reported previously for a concentration of 2.0 mg/ml of BSA
(Sadeghi et al., 2013).
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Figure 39. Zeta potential as a function of pH for BSA (0.8 mg/ml) and Sodium alginate (0.6 mg/ml)
in water, sodium acetate buffer and PBS buffer. Each data point represents the average and
standard deviation from three replicates.
For sodium alginate, the zeta potential values are negative and very similar at all pH values studied
regardless of which solvent system is used; these results are consistent with the findings for alginic
acid (Singh & Burgess, 1989). While in this prior study the effect of pH on zeta potential was
evaluated, they never considered it in the context of design and manufacture of nanotubes. In other
studies, sodium alginate has been reported to be negatively charged in the successful formation of
nanotubes with positively charged chitosan by using an immersion method. It was observed that
the difference in zeta potential is a function of pH and reaches a maximum around pH 3.5 - 4 for
sodium alginate and BSA (Figure 40). This gives the optimal pH to work with to engineer the
strongest interaction between two polyelectrolytes to prepare EPCNs where the layers are strongly
held together resulting in stable EPCNs. Sodium acetate buffer (0.2 M) at pH 4 was chosen as the
solvent for the fabrication of BSA/sodium alginate nanotubes.
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Figure 40. Difference of zeta potential magnitude for BSA (0.8mg/ml) and sodium alginate
(0.6mg/ml) as a function of pH in water (A), sodium acetate buffer (B) and phosphate buffer (C).
Each data point represents the average and standard deviation from three replicates.
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5.3.2 ITC analysis
ITC was used to measure the magnitude and type of the binding energetics (Velázquez-Campoy,
Ohtaka, Nezami, Muzammil, & Freire, 2001), making possible the calculation of the Gibbs free
energy (ΔG), enthalpy (ΔH), entropy (ΔS) and stoichiometry (n) of the interaction of BSA with
sodium alginate in solution. Since we used to buffer systems for the experiments, the heats of
dilution for BSA and sodium alginate in sodium acetate and phosphate buffer were measured and
it was found that their signals were similar in both solvents (Figure 41).

Figure 41. ITC titration of BSA (12 mg/ml) into sodium acetate buffer at pH 4 (A), BSA (12 mg/ml)
into phosphate buffer at pH 7 (B), sodium alginate (0.6mg/ml) into acetate buffer at pH 4 (C),
sodium alginate (0.6mg/ml) into phosphate buffer at pH 7 (D). Exothermic peaks down.
At pH 3, the isotherm of the interaction of BSA and sodium alginate showed a typical sigmoidal
behavior, which is associated with a non-specific exothermic electrostatic interaction (data not
shown). The enthalpy change when sodium alginate was titrated with BSA at pH 4 is shown in
Figure 42a. At pH 4, as the concentration of BSA increased, the shape of the isotherm became
increasingly complex. A relatively high exothermic change was observed at lower BSA
concentrations (2-14 injections), and this was followed by relatively small endothermic peaks once
the saturation point was reached. The fitting of the integrated isotherm peaks (Figure 42b) and the
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subtraction of the heat of dilution with a multiple-sites binding model led to an enthalpy of
interaction, ∆H = -62.2 ± 1.4 KJ/mol for the exothermic event with a number of 10 binding sites
per sodium alginate molecule. The binding constant (Ka) of the exothermic interaction was 2.3 ±
1 x 105 M-1, which indicated a strong affinity between BSA and sodium alginate. Prior studies
have reported enthalpy (∆H) values of -4.01 ± 0.05 cal/g for the interaction of sodium alginate and
β-lactoglobulin (Hosseini et al., 2013). At both pH 3 and 4, the isotherm between BSA and alginate
was a typical sigmoidal curve expected from exothermic electrostatic interactions (Schmitt et al.,
2005), which indicates a progressive binding of the titrant BSA along the binding sites of the
titrand sodium alginate.

A

B

Figure 42. Thermogram of heat of dilution of BSA into sodium acetate buffer and the titration of
BSA (180μM) into sodium alginate (2.77μM). Both of them dissolve in 0.2M acetate buffer at pH
4. The arrow shows the direction of the exothermic heat of reaction. (B) Fitted isotherm using a
multiple sites binding model, where symbols represent integrated data and line represents the
calculated fitting of the data.
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The ITC isotherm suggested a strong binding interaction between BSA and sodium alginate and
the free energy of interaction (ΔG) was -44.2 KJ/mol. The exothermic peaks in Figure 42a were
associated with non-specific electrostatic interactions between the two biopolymers which
indicates an enthalpic binding characteristic of complex coacervation (Girard, Turgeon, &
Gauthier, 2003). After all the binding sites on sodium alginate have been saturated with BSA, the
endothermic peaks suggest some additional rearrangement of the BSA and sodium alginate,
dissociation or aggregation of the complexes formed. Two possibilities include: 1) the aggregation
of the coacervate with the addition of more BSA, and 2) the slight entropic gain, with low affinity,
can be attributed to macromolecular condensation upon formation of complex structures (Schmitt
et al., 2005). Prior research with acacia gum/β-lactoglobulin and α-lactalbumin/lysozyme
polyelectrolyte complexes (PEC) reported an exothermic/endothermic transition sequence, which
was related to water molecules and ions released from the PEC, conformational changes of the
macromolecules, or subsequent aggregation (Aberkane, Jasniewski, Gaiani, Scher, & Sanchez,
2010; Nigen, Croguennec, Renard, & Bouhallab, 2007). The endothermic peaks in Figure 42a
cannot be attributed to the heats of dilution, pH mismatch or other mechanisms including protein
aggregation or dissociation of BSA into acetate buffer solution (blank experiments). Strong
electrostatic repulsion was observed when the titration of BSA into sodium alginate was performed
at pH 5, 6 and 7 and the isotherms at these conditions were not sigmoidal, but their heat rates after
each injection showed characteristic thermal responses for electrostatic repulsion (Figure 43). The
zeta potential data had shown that both polymers, BSA and sodium alginate, have the same charge
at these pHs and therefore a strong electrostatic repulsion was expected. The ITC experiments only
confirmed this expectation.

A

B

C

Figure 43. Titration of BSA (12mg/ml) into sodium alginate (0.6 mg/ml) dissolve in acetate buffer
at pH 5 (A). BSA (12mg/ml) into sodium alginate (0.6 mg/ml) dissolve in acetate buffer at pH 6
(B). BSA (12mg/ml) into sodium alginate (0.6 mg/ml) dissolve in PBS at pH 7 (C) where both
BSA and sodium alginate are negatively charged based on zeta potential data in Figure 39. Peaks
oriented downwards are exothermic heats.
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5.3.3 Fabrication of EPCNs at different pHs (3, 4, 5, 6 and 7)
At pH 3 and 4, where the difference between the zeta potentials are highest, excellent nanotubes
with 3 bilayers were formed and a robust and smooth outer wall was observed and their dimensions
were consistent with the template used for their fabrication (Figure 44). The successful fabrication
of nanotubes is also consistent with the ITC results that showed higher affinity between BSA and
sodium alginate at these pHs.

3.0 µm

4.0 µm

Figure 44. Formation of EPCNs of (BSA/ALG)3 at pH 3 (A) and pH 4 (B) in PC templates with a
pore size of 800 nm. The nanotubes were fabricated using BSA (0.8mg/ml) and sodium alginate
(0.6mg/ml) dispersed in acetate buffer at pH 4 and a flow rate of 1.0 ml/min.

The structures formed at pH 5 on the other hand were much distorted and a clear EPCN was not
observed in Figure 45a. The walls of the nanotubes were thinner and they could not preserve a
robust structure, even after the deposition of a 4th bilayer. These weaker nanotubes at pH 5
demonstrated that the formation of layers between BSA and sodium alginate is affected by the
magnitude of the electrostatic interaction occurring between the two polyelectrolytes. As predicted
by the zeta potential and ITC results, it was not possible to form nanotubes at pH 6 and 7 (Figures
45b-c). Nevertheless, it is important to point out that the pairing of these two biopolymers is nontrivial and as it will be shown below not only depends on pH conditions, but on other operational
parameters as well. To date, there are no other papers looking at the formation of nanotubes in
different pH values and as a function of several operational parameters. In most cases, only
nanotubes fabricated at the optimal pH conditions have been reported without showing any zeta
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potential information or the effect of operational conditions on the formation of nanotubes
(DeRocher, Mao, Han, Rubner, & Cohen, 2010; Qu & Komatsu, 2010; Yang et al., 2007).

Figure 45. Unsuccessful formation of EPCNs of (BSA/ALG)3 at pH 5 (A), pH 6 (B), and pH 7 (C)
in PC templates with pore size of 800 nm. The nanotubes were fabricated at a flow rate of 1.0
ml/min using BSA (0.8mg/ml) and sodium alginate (0.6 mg/ml) dispersed in acetate buffer (pH 56) and phosphate buffer (pH 7).

5.3.4 Fabrication of EPCNs with different template pore sizes and number of depositions
In Figure 46 it can be observed that the pores on the track-etched polycarbonate (PC) template
were not completely homogenous and some of the pores seemed to merge, and this was the main
reason of the diameter distribution of the EPCNs. However, EPCNs exhibited an external diameter
very similar with the pore sizes of the PC templates used in this study.

B

A

5.0 µm

5.0 µm

Figure 46. SEM images of a 600 nm (A) and 800 nm (B) PC template before dissolution with
DMF.
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By deposition of three (3) or four (4) bilayers of BSA and sodium alginate [(BSA/ALG)3,
(BSA/ALG)4] at pH 4 onto the 200, 400, 600 and 800 nm PC template, it was possible to form
clear and smooth surface nanotubular structures with different diameters as shown in Figure 47ad. This number of deposited bilayers was enough to form stable EPCNs. The SEM images showed
that freeze dried edible polyelectrolyte complex nanotubes (BSA/ALG)3 yielded a robust wall
thickness (Figure 47a-b). The fine control of the conditions influencing the interaction of the
biopolymers and the manufacturing steps allowed the successful fabrication of nanotubes with a
200 nm diameter from the interaction of a protein and polysaccharide. Previous studies attempted
to fabricate nanotubular structures by using templates with pore sizes of 100, 200, and 500 nm.
They found that 100 and 200 nm templates formed nanowires/nanorods. Larger pore sizes (500
nm) led to the formation of nanotubes (C. J. Roy et al., 2010). Similarly, other studies have found
that only templates with pore sizes above 250 nm allowed the formation of stable nanotubular
structures with more than 2 bilayers and to be able to form homogenous nanotubes with templates
below this dimension, it is necessary to use low molar mass polyelectrolytes with an end-to-end
distance of 10-20 nm (Alem et al., 2007) .

Figure 47. EPCNs of BSA/ALG3 fabricated in PC templates with pore sizes of 200 nm (A), 400
nm (B) 600 nm (C) and 800 nm (D). All nanotubes were fabricated at 1.0 ml/min using BSA (0.8
mg/ml) and sodium alginate (0.6mg/ml) dispersed in acetate buffer at pH 4.
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In our study, we also observed that EPCNs with one and two bilayers are very thin walled and do
not appear to be particularly robust; however, the addition of a third and fourth bilayer made them
stronger and robust as seen on the SEM micrographs. These results were also consistent with
previous reports, where it was found that a small number of layers were not able to preserve the
mechanical integrity of the nanotubes (C. J. Roy et al., 2010). The wall thickness of three bilayer
EPCNs were about 52 ± 4, 58 ± 5, 65 ± 6, 75 ± 4 nm for the pore sizes of 200, 400, 600 and 800
nm, respectively. They are close to those produced using poly-D-lysine (PDL) and Bovine Serum
Albumin (BSA) (Sadeghi et al., 2013), and thicker than those fabricated using poly-L-arginine
(PLA) and human serum albumin (HSA) (Qu & Komatsu, 2010).
5.3.5 Fabrication of EPCNs at different flow rates
The rate of addition of each polyelectrolyte and the residence time during deposition were also
evaluated for the 600 and 800 nm templates. The residence time and flow through the pores affect
the rate of adsorption, which drives the deposition at the wall. Low rates of addition (0.3 and 0.6
ml/min) have long residence times and allowed more time for the biopolymers to be deposited and
this factor negatively affected the formation of EPCNs. At flow rates of 0.3ml/min, it was not
possible to form nanotubes with either template and only distorted structures were observed, as
shown in Figure 48a. The residence time at this flow was about 33 min per layer, which allowed
the adsorption and growing of the layers in a disorganized manner.
The optimal flow rate was 1.0 ml/min with an average residence of 10 min per layer, as shown in
Figure 48c. The higher flow rates gave better EPCNs compared to the lower flow rates. These
results are important because not all flow rates resulted in successful EPCNs and knowledge of
the optimal flow rate makes it possible to greatly reduce the time necessary for the fabrication of
EPCNs through the template-assisted method. However, it is important to note that these
conditions are different for each pair of polyelectrolytes or biopolymers because the charge density
on each polyelectrolyte is different. Other studies have recommend deposition times ranging from
seconds to hours (Ai et al., 2003; Cho et al., 2014; Hou et al., 2005; Liang et al., 2003), but they
all agree that the deposition time for each layer is dependent of the polyelectrolytes being used and
the charge density characterized by the zeta potential or another method.
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Figure 48. BSA/Alginate EPCNs with 600 nm template at rates of addition of 0.3 ml/min (A), 0.6
ml/min (B), 1.0 ml/min (C) and 1.6 ml/min (D). All nanotubes were fabricated with BSA at 0.8
mg/ml and sodium alginate at 0.6mg/ml both dispersed in acetate buffer at pH 4
5.3.6 Effect of biopolymers ratio and biopolymers concentration
The effect of the concentration of each biopolymer as well as the effect of the weight ratio on the
formation of EPCNs is reported here. The study characterized the relative ratio on a mass basis
and not on a molar basis because the molecular weight of the biopolymers is polydisperse and the
molar ratio does not offer accurate information. The molecular weight of BSA was measured and
found to be around 66 kDa and sodium alginate has an approximate molecular weight of 216 kDa.
It was found that the mass ratio of biopolymers is very important in the formation of stable
nanotubes. EPCNs formed with lower concentrations resulted in thinner walls and their structure
was not completely defined, as shown in Figures 49a-b. There was a range of concentrations and
ratios where the formation of nanotubes was possible and optimal. These ratios of concentrations
were closely related with those ratios below the saturation point found with ITC for BSA and
sodium alginate. The optimum concentrations for BSA/sodium alginate EPCNs with 3 bilayers
were 0.8 mg/ml for BSA and 0.6 mg/ml for alginate (Figure 49c). This ratio of concentrations is
found below the saturation point sodium alginate titrated with BSA where the binding is enthalpic
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driven. Lower concentrations of biopolymers resulted in EPCNs with thinner walls and their
structure was not completely defined. EPCNs with thinner walls can also be formed at
concentrations of 0.6 mg/ml and 0.6 mg/ml for BSA and sodium alginate, respectively. At
concentrations above 1.0 mg/ml, the biopolymers interacted and resulted in malformed structures
that did not look like nanotubes (Figure 49d) and they tended to clog the PC template after
deposition of 2 bilayers. These results showed that not all biopolymer concentrations are equally
successful in terms of their effectiveness in the fabrication of EPCNs. Other studies have shown
that the polyelectrolyte concentration effect is stronger for nanopores than flat surfaces, causing
the formation of thicker layers when the concentration is high and the number of depositions is
decreased (Azzaroni & Lau, 2011). On flat surfaces, the thickness of the deposited layer varies but
the deposition process is not critically affected; however, with nanopore size template, the pores
clog if the deposition process is not well controlled.

Figure 49. EPCNs of 800 nm diameter fabricated with BSA:Alginate concentrations (mg/ml) of
0.2:0.1 (A), 0.4:0.2 (B), 0.8:0.6 (C), and 1.0:1.0 (D). All nanotubes were fabricated at 1.0 ml/min
using acetate buffer at pH 4 as solvent for the biopolymers.
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5.4

Conclusion

The formation of the EPCNs from BSA and sodium alginate was strongly influenced by zeta
potential difference, pore size of the template, flow rates through the template and the
concentration and ratio of each biopolymer. The zeta potential and especially the ITC results
clearly showed that most of the driving force of the interaction between BSA and sodium alginate
is electrostatically driven. This interaction was strong when the biopolymers were dissolved in
solutions at pH 3 and 4 and the biopolymers had an opposite charge. On the other hand,
electrostatic repulsion occurred at pH 5 and above where the biopolymer had the same sign charge.
The EPCNs engineered with sodium alginate are stable and strong at the optimal manufacturing
conditions when the ratio of polymers is BSA (0.8 mg/ml) and alginate (0.6 mg/ml) at a rate of
addition of 1.0 ml/min. Lower concentrations of the biopolymers as well as bilayers less than 3 led
to the formation of thinner walls causing poorly formed EPCNs. EPCNs of BSA and sodium
alginate were successfully formed when the template pore size was 200, 400, 600 and 800 nm.
Taking all these parameters into consideration, it is clear that the formation of EPCNs is non-trivial
and for each pair of biopolymers it is necessary to study all of them to be able to find the window
where fabrication is successful.

5.5
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6.1

Introduction

Engineering edible nanotube delivery systems with biopolymers such as proteins, DNA and
carbohydrates using the layer by layer deposition technique is of interest because of the versatility,
safety, biodegradability, the ability to load larger amounts of bioactives including drugs and
biocompatibility of bionanotubes (Azzaroni & Lau, 2011; Geng et al., 2007; Hou, Harrell, Trofin,
Kohli, & Martin, 2004). They have also been used in biosensor (Martin & Kohli, 2003) and
enzymatic bioreactor applications (Komatsu, Terada, & Kobayashi, 2011).
The LbL technique permits the formation of multilayers by alternating the deposition of oppositely
charged polyelectrolytes. Nanoporous membranes like anodic aluminum oxide (AAO) and tracketched poly-carbonate (TEPC) membranes are commonly utilized as templates because they offer
straight and cylindrical shaped nanopores. Their length and outer diameter can be adjusted by
changing the pore diameter and the thickness of templates. Electrostatic charge as well as
hydrophobicity/hydrophilicity

of the inner and outer surfaces can be controlled to enable

maximization of loading and release of bioactives into the pores (Azzaroni & Lau, 2011; Hou et
al., 2004; Wang, Angelatos, & Caruso, 2008). Human serum albumin (HSA) and phospholipids
(Lu, Ai, & Li, 2005), alginate and chitosan (Yang, He, Duan, Cui, & Li, 2007) as well as HSA and
polyethylenimine (Jiao, Guo, Niu, & Kang, 2015) have been successfully used to form nanotubes.
Self-assembling nanotubes from hydrolyzed α-lactalbumin have been used to encapsulate caffeine
(Fuciños et al., 2017), BSA/PDL and short peptide-based nanotubes were used to encapsulate
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curcumin (Alam, Panda, Mukherjee, & Chauhan, 2016; Sadeghi et al., 2013). BSA/PDL nanotubes
and BSA/sodium alginate nanotubes have also been manufactured (Maldonado & Kokini, 2018;
Sadeghi et al., 2013) and loaded with curcumin as a model hydrophobic bioactive agent. The
window of their manufacturability included specific ranges in flow rate through the template, pore
size, pH of the polyelectrolytes solutions; biopolymer concentration and their ratio can influence
the formation and stability of edible nanotubes (Maldonado & Kokini, 2018). In vitro cell models,
such as HeLa cells can be used to evaluate cytotoxicity of the carriers, and the half-maximal
inhibitory concentrations (IC50) of bioactive compounds (Das, Kasoju, & Bora, 2010; J. Liang,
Sun, Yang, & Cao, 2017; Jinsong Liu et al., 2012).
AFM has become a popular technique

to measure topography and mechanical properties

properties at the nanoscale (Kasas, Longo, & Dietler, 2013; Rettler, Hoeppener, Sigusch, &
Schubert, 2013). The AFM cantilever has been used as a nanoindenter generating force-distance
curves to determine softness or stiffness of nanostructures (i.e. Young’s modulus) (Yoo, Reed,
Shin, & Demer, 2014). The force-distance data is fitted to an adequate model, such as the Hertz
Model, to determine elastic deformation and Young’s modulus (Lin, Dimitriadis, & Horkay, 2006;
Roa, Oncins, Diaz, & Segarra, 2010).
In this paper, we are focusing on using the learnings from our prior studies to manufacture
nanotubes a priori with minimal optimization. We have selected the Chitosan/alpha lactalbumin
polyelectrolyte combination because this combination results in a stable nanotube at pH 7 and the
BSA/kappa carrageenan polyelectrolyte combination which is stable around pH 4 to expand the
repertoire of nanotube systems that we are able to fabricate. We are also studying their
nanomechanical properties and their encapsulation and release properties using curcumin as well
as their cytotoxicity.
Chitosan is composed of glucosamine and N-acetylglucosamine monomeric units through β(1→4)
linkage. Chitosan has been widely used in micro/nanoparticulation because it exhibits
antimicrobial properties in addition to biodegradability, biocompatibility and mucoadhesivity.
Chitosan contains numerous free amine groups which are available for protonation and leads to a
positive surface charge in acidic solution allowing ionic crosslinking with multivalent anions
(Agnihotri, Mallikarjuna, & Aminabhavi, 2004; Ilium, 1998; Ravi Kumar, 2000). α-lactalbumin
(LAC) is made up of 123 amino acids with an approximate molecular weight of 14 kDa. It contains
a highly structured α-helical domain and β-sheet domain with 4 disulfide bonds, NH2-terminal
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glutamic acid and COOH-terminal leucine. The isoelectric point of α-lactalbumin is around pH
4.6-4.9, which makes it negatively charged above this pH range and at neutral pH where the
aminoacids lose hydrogen molecules that results in negatively charged side chains (Hendrix, Griko,
& Privalov, 1996; Kamau, Cheison, Chen, Liu, & Lu, 2010; Permyakov & Berliner, 2000).
κ-Carrageenan (CAR) is a negatively charged and linear polysaccharide with one sulfated galactan
consisting

of

alternated

3-linked-β-D-galactopyranose

and

4-linked-3,6-anhydro-α-D-

galactopyranose units (van de Velde, Lourenço, Pinheiro, & Bakker, 2002). Carrageenans have
also been used in the fabrication of coacervate nanoparticles in combination with chitosan or βlactoglobulin (Grenha et al., 2010; Jingjing Liu, Zhan, Wan, Wang, & Wang, 2015);. BSA is a
well-studied protein with a molecular weight of 66.7kDa per g/mole and 583 amino acids in its
structure (Bujacz, 2012). It is capable of forming electrostatic, hydrogen or hydrophobic bonds
with other polymers (Saha & Deep, 2014; Vinayahan, Williams, & Phillips, 2010). κ-Carrageenan
and bovine serum albumin (BSA) will also interact electrostatically and form nanotubes using the
LbL method.
In this paper, CHI/LAC and BSA/CAR nanotubes were characterized using SEM, AFM and ITC
in order to study the morphology, topography and nano-mechanical properties of the nanotubes as
well as the thermodynamics of interaction between both pairs of electrolytes. The efficiency of
loading curcumin of these nanotubes was measured and their cytotoxicity was studied using HeLa
cells.

6.2

Materials and Methods

6.2.1 Materials
Low molecular weight chitosan (CHI, 448869, Lot# SLBJ5775V, 50-190 kDa, 75-85%
deacetylated), bovine serum albumin (BSA, A7030, Lot # SLBJ7347V, lyophilized powder, purity
~98%) and N,N-dimethylformamide (DMF) were purchased from Sigma-Aldrich Co. (St. Louis,
MO, USA). κ-carrageenan (CAR) (Ticaloid® 710 H Powder, lot #27780) was generously donated
by TIC GUMS Co. (Belcamp, MD, USA). α-lactalbumin (LAC, Lot# JE 014-4-410, purity ~
94.9%) was also donated generously by Davisco Foods International (Le Sueur, MN, USA). Tracketched polycarbonate (PC) membranes with pore sizes of 400, 600 and 800 nm (Isopore membrane,
13mm diameter) were purchased from Millipore Corporation (Billerica, MA, USA). Dulbecco’s
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Modified Eagle’s Medium (DMEM, high glucose with L-glutamine), Phosphate Buffered Saline
without Calcium and Magnesium, Penicillin/Streptomycin antibiotic and solution non-essential
aminoacids (NEAA, 10 mM) were purchased from Lonza Walkersville Inc. (Walkersville, MD,
USA). Fetal Bovine Serum (FBS) was obtained from Atlanta Biologicals, Inc. (Flowery Branch,
GA. USA). Sodium pyruvate (100 mM) and Trypsin (0.25%) EDTA (1X) were purchased from
VWR (Radnor, PA. USA). Multiwell and Culture plates manufactured by Corning® (Corning, NY.
USA) were purchased from VWR. Deionized Type I water (18.2 MΩ cm at 25 °C) obtained with
a Barnstead GenPure xCAD Plus system from Thermo Scientific (Waltham, MA, USA) was used
in all experiments. Phosphate buffer saline (PBS, 10mM, pH 7) was prepared in the laboratory
using sodium phosphate, monobasic (≥99.0%), and sodium phosphate, dibasic (≥98.5%)
purchased from Sigma-Aldrich (St. Louis, MO, USA). Acetate buffer (0.2 M, pH 4) was prepared
in the laboratory by mixing, sodium acetate anhydrous (≥99.2%) purchased from Sigma-Aldrich
(St. Louis, MO, USA) and acetic acid, glacial (≥99.0%) were purchased from Fisher BioReagents
(Hampton, NH, USA). All other chemicals were analytical grade reagents and used without further
purification.
6.2.2 Measurement of the ζ-potential of chitosan, α-lactalbumin, BSA and carrageenan
The fabrication of the nanotubes was performed using buffer solutions to avoid any pH mismatch
during the fabrication process. For this reason, the ζ-potential was measured using buffer solutions
as solvents. In the literature, ζ-potential data for these biopolymers is available mostly for
dispersions in water but not for the buffer systems used in this study. Chitosan (1.0 mg/ml) was
dispersed in phosphate buffer (10 mM) with 1% acetic acid and κ-carrageenan (1.0 mg/ml) was
dispersed in sodium acetate buffer (0.2 M, pH 4). The solutions were stirred at 600 rpm for 2 hours
and heated up to 80°C for 10 minutes. After cooling down to room temperature (25°C), the amount
evaporated during heating was replenished and the volume was adjusted to its initial value to keep
the concentrations constant. The solutions were stirred overnight to complete hydration of the
molecules. α-Lactalbumin (1.0 mg/ml) and bovine serum albumin (1.0 mg/ml) were dissolved in
phosphate buffer and sodium acetate buffer, respectively, for 1 hour at 25°C and stored overnight
at 4°C to complete hydration. Each solution was filtered through a 0.45 µm PVDF syringe filters.
The ζ-potential of each solution was measured with a commercial dynamic light scattering (DLS)
instrument (Zetasizer, Malvern Instruments Ltd., Malvern, UK). The pH was adjusted
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automatically from 4 to 10 at intervals of 0.5 with a Multipurpose titrator (MPT-2) attached to the
Zetasizer Nano ZS using NaOH (1N and 2.0N) and HCl (2.0N). The solution with the adjusted pH
was automatically injected into a folded capillary cell (DTS 1070) for its measurement. The
dispersant refractive index used was 1.330. The refractive indexes for the proteins and
polysaccharides were 1.450 and 1.530, respectively. All the measurements were performed at
room temperature which was ~25˚C. Zeta potential measurements were conducted in triplicate and
the average with a standard deviation were reported. The Smoluchowski approximation was used
because all the samples were dispersed in polar buffer media.
6.2.3 Preparation of solutions for Isothermal Titration Calorimetry measurements
LMW chitosan (0.10 mg/ml) was dispersed in DI water with 1% acetic acid. The aqueous solution
was stirred in a sealed vial at 600 rpm for 2 hours and heated to 80°C for 10 minutes to reduce its
viscosity and enable complete dispersion. The solution was then cooled down to room temperature
(25°C) and the amount of evaporated solution was replenished and adjusted to its initial volume
to preserve a constant concentration of chitosan. Next, the chitosan solution was transferred to an
individual molecular porous tube (Spectrum Laboratories Inc., New Brunswick, NJ, USA) with a
12-14 kDa cut-off and dialyzed against 2 liters of PBS for 24 hours at 25°C. α-Lactalbumin (20
mg/ml) was dissolved at 500 rpm for 1 hour using the phosphate buffer solution used for the
dialysis of chitosan.
For the BSA/κ-carrageenan system, the solution of κ-carrageenan (0.15 mg/ml) was dispersed in
acetate buffer at 600 rpm for 2 hours and heated to 80°C for 10 minutes for complete dispersion.
The solution in the sealed vial was cooled down to room temperature (25°C) and the evaporated
solution was replenished to its initial volume using acetate buffer. The κ-carrageenan solution was
dialyzed overnight against 2 liters of acetate buffer at 25°C using molecular porous tubings with
12-14 kDa cut-off. BSA (3 mg/ml) solution was prepared in the same acetate buffer used for
dialysis while being stirred at 500 rpm for 1 hour at 25°C. The dialysis of chitosan and κcarrageenan with buffer solvents ensures that the pH is balanced.
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6.2.4 Isothermal titration calorimetry (ITC) of α-lactalbumin/chitosan and BSA/κcarrageenan
Titration of α-lactalbumin into LMW chitosan
The binding stoichiometry, entropy change, enthalpy change and equilibrium binding constant (K)
for the interaction of α-lactalbumin and LMW-chitosan were evaluated using Isothermal Titration
Calorimetry (Standard Volume Nano ITC, TA Instruments, New Castle, DE, USA) at 25 ºC. The
temperature reference cell of the ITC was filled with deionized type I water (V = 1.3 ml). The
interaction between α-lactalbumin and LMW chitosan was evaluated at pH 7 using PBS (10 mM)
as the solvent to reduce any experimental error due to pH mismatch. Both polyelectrolyte solutions
were degassed for 15 min under vacuum on the Degassing Station (TA Instruments, New Castle,
DE, USA), which reduced the formation of bubbles in the calorimeter cell throughout the
experiment. The syringe was filled with α-lactalbumin (250 μl) and a total of 21 injections (10 μl
each) were used to incrementally titrate the sample cell containing low molecular weight chitosan
(V = 1.3 ml) at intervals of 300 seconds and a stirring speed of 300 rpm. The initial delay for the
first injection was set to 300 seconds. The heat of dilution for the experiment was measured by
injecting similar amounts of α-lactalbumin into the PBS solution. The sequential energy produced
by each of these injections was subtracted from the energy of interaction associated with αlactalbumin and LMW chitosan. The results are reported as the enthalpy change per number of
injections and all the calorimetric data analysis was carried out with Nanoanalyze software.
Titration of BSA into κ-carrageenan
The interaction between BSA and κ-carrageenan was evaluated at pH 4 and 25 ºC using acetate
buffer (200 mM) as the solvent. Both solutions were degassed for 15 min to avoid the formation
of bubbles. Deionized water was used to fill the temperature reference. The syringe containing a
paddle stirrer was filled with BSA (250 μl) and 22 sequential injections (10 μl each) were used to
titrate the κ-carrageenan solution contained in the sample cell (V = 1.3 ml). The equilibration time
between consecutive injections was 300 seconds at a stirring speed of 300 rpm. The first injection
only contained 2.5 μl of BSA and occurred after the 300 s of the initial delay; this injection was
not considered as part of the analysis. The heat of dilution occurring during the experiment was
measured by injecting similar amounts of BSA into the acetate buffer. The energy of each injection
resulting from the heat of dilution was subtracted from the energy of interaction associated with
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BSA and κ-carrageenan to obtain the corrected enthalpy (ΔH) changes. The corrected data and the
thermodynamic parameters, including n, K, ΔH and ΔS changes were calculated by iterative curve
fitting with a one-site model of the binding isotherms of α-lactalbumin/chitosan and BSA/κcarrageenan using the Nanoanalyze software (v3.6). The Gibbs free energy change (ΔG) was
calculated using the equation (ΔG = ΔH- TΔS).
6.2.5 Nanotubes of CHI/LAC and BSA/CAR with 400, 600 and 800 nm diameter
The template assisted layer-by-layer technique was used to fabricate the nanotubes following
procedures previously reported (Z. Liang, Susha, Yu, & Caruso, 2003). The template consisted of
a 13 mm diameter polycarbonate (PC) membrane with pore sizes of 400, 600 or 800 nm and 10
μm length (Millipore Corporation, Billerica, MA, USA). This membrane was placed into a
Swinnex plastic filter holder. The nanotubes were fabricated using two oppositely charged
polyelectrolytes, namely, α-lactalbumin/chitosan and BSA/κ-carrageenan. The nanotubes with
chitosan and α-lactalbumin were fabricated at pH 7, while the nanotubes with BSA and
carrageenan were fabricated at pH 4. The first layer consisted of a positively charged
polyelectrolyte, either chitosan (pH 7) or BSA (pH 4) for the two different combinations of
nanotubes, followed by the second layer with negatively charged α-lactalbumin in tandem with
chitosan or carrageenan in tandem with BSA. The aqueous solutions of chitosan (0.5 mg/ml) and
α-lactalbumin (1.0 mg/ml) as well as BSA (0.8 mg/ml) and carrageenan (0.6 mg/ml) were prepared
as explained in section 2.2. The pH of the various solutions were adjusted to their respective pHs
by adding 2.0N NaOH and 2.0N HCl. Prior to use, each solution was filtered with a 0.45 µm PVDF
syringe filter. The polycarbonate membrane (400 nm or 800 nm) was set on the filter holder and
for the first layer; 10 ml of the positively charged polyelectrolyte solution were filtered through
the PC membrane at a flow rate of 1 ml/min using a syringe pump (New Era Pump System, Inc.,
NY, USA). This allowed the adsorption of the positively charged molecules onto the inner walls
of the pores in the template. The excess and unbound molecules were washed by filtering 10 ml
of PBS (10mM, pH 7) or acetate buffer (200 mM, pH 4) solution at a flow rate of 1ml/min. Other
details of this procedure were discussed previously (Maldonado & Kokini, 2018). Five (5) bilayers
were deposited on the 800 nm templates and four bilayers on the 400 nm pore size templates. After
this, the template was removed from the holder and dried in a vacuum oven (1.0 inHg) overnight.
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6.2.6 Characterization of nanotubes by scanning electron microscopy (SEM)
The morphology and dimensions of the nanotubes were characterized using a NOVA nanoSEM
from FEI (Hillsboro, OR, USA). The beam intensity used for the analysis was 5 KV. Briefly, the
PC membranes were dissolved using N,N-Dimethylformamide (DMF) solution which caused and
immediate release of the intact nanotubes. The nanotubes were recovered by centrifugation at
5,000 rpm for 5 minutes and freeze-dried prior analysis. The dried nanotubes were fixed on the
surface of a carbon tape and coated with a thin layer of palladium for further observation under
SEM microscope.
6.2.7 AFM imaging of nanotubes and mechanical properties characterization
After the removal of the nanotubes from the PC membranes, 5 μl of the solution containing the
released nanotubes were dropped directly on the surface of an AFM mica specimen disc (Highest
Grade V1 Mica Discs, 12 mm diameter, Ted Pella Inc. CA, USA), previously superglued to a Ted
Pella 12 mm diameter steel specimen discs. All the treatments were dried in a desiccator containing
6 mesh Du-Cal Drierite (Xenia, OH). Each type of nanotube fabricated with the combination of
two different biopolymers (LAC/CHI and BSA/CAR) and the deposition of 4 bilayers for each
diameter (400, 600 and 800 nm) led to six (6) treatments. The AFM surface topography images
were obtained in tapping-mode using a Cypher ES AFM (Asylum Research, Oxford Instruments,
CA, USA). A silicon probe purchased from Ted Pella Inc with a 30 nm aluminum thick coating
for enhanced reflectivity and with tip radius <10 nm, 300 kHz frequency and 40 N/m force constant
(TAP300AL-G-10) was used in these experiments. The topography of each nanotube treatment
was obtained in a 4 μm x 4 μm area scan.
The force measurements were performed at 25°C using the same Cypher ES AFM in contact mode
following a protocol described previously (Stylianou, Gkretsi, Patrickios, & Stylianopoulos, 2017).
Briefly, the deflection sensitivity was tested using a clean mica disc as a model of infinite stiff
surface. The spring constant calibration at the nN/nm level was performed using the automated
“Get RealTM” function provided exclusively for the Cypher AFMs. An image of the area of interest
was obtained to define the contours of the nanotubes and the force measurements led to force maps
in a scanning area of 4 μm x 4 μm using an XY raster pattern of 16 x 16. Force maps are then used
to build an image of mechanical properties of the samples (Stylianou et al., 2017).
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The generation of Young’s modulus and transition force maps were performed using the open
access AtomicJ Software and fitting the force-deformation/indentation curves with the Hertz
model (Hermanowicz, Sarna, Burda, & Gabryś, 2014) to obtain the mean Young’s modulus. The
appropriate contact model (Classic or robust) was determined through preliminary analysis. It was
found that the force-indentation AFM data fitted with the robust procedure using the least trimmed
sum of squares (LTS) to identify the contact point in the force-indentation curves, as can be
observed in Figure 50.

Figure 50. Representative fit of an experimental AFM data from LAC/CHI nanotubes using
Classical L2 (A) and Robust procedure to identify the contact point and least trimmed sum
of squares (LTS) (B), least trimmed sum of absolute deviations (LTA) (C), HLTS (D) and HLTA
(E) method for fitting the contact model.
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6.2.8 In vitro cytotoxicity of nanotubes, curcumin-loaded nanotubes
Nanotubes and curcumin-loaded nanotubes cytotoxicity was assessed on HeLa cells (ATCC®
CCL-2). HeLa cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) containing 10%
of fetal bovine serum, 1% (v/v) penicillin/streptomycin antibiotics solution, 1% non-essential
aminoacids (NEAA), and 1% sodium pyruvate in 60 cm2 petri dishes. Cells were incubated under
37°C with 5% CO2 in a humidified incubator. For cytotoxicity study, DMEM medium was
removed and the cell monolayer was washed rapidly with 5 ml of phosphate buffered saline (PBS)
and then incubated in 0.5 ml of 0.25% trypsin containing 1X ethylenediamine tetra acetate (EDTA).
After 5 min of incubation at 37°C, the dissociated cells were washed and collected into a tube
using 2.5 ml of DMEM. From the 3 ml of cell suspension that was recovered, a volume of 10 μl
was removed and the cells were counted using a hemacytometer. Typical suspension cell densities
were in the range of 1–1.3 x 106 cells/ml. HeLa cells were seeded in 96-well plates; each well
contained 100 μl of cell suspension with 1x104 cells. After 24 h of cells incubation, the culture
media in each well was replaced with 100 μl of fresh DMEM (1% FBS) containing different
concentrations of nanotubes (0, 10, 50, 100 and 300 μg/ml) treated for 48 h. Before this, the
nanotubes were released from the templates and suspended in the DMEM cell culture medium.
Then, the suspensions were subjected to UV light for 30 min.

For the curcumin loaded nanotubes, HeLa cells were also seeded in 96-well plates; each well
contained 100 μl of cell suspension with 1x104 cells. After 24 h of cells incubation, the culture
media was replaced with 100 μl of DMEM (1% FBS) containing 200 μg/ml of nanotubes loaded
with different concentrations of curcumin (0, 10, 20, 30 and 60 μg/ml) and treated for 48 h.
6.2.9 Cell cytotoxicity assay
The cytotoxicity effect of the nanotubes on HeLa cells was evaluated by monitoring the release
of the cytosolic enzyme, lactate dehydrogenase (LDH), into the culture medium after 48 h of
incubation (Danpure, 1984). After incubation with the treatments and controls, 50 µl of medium
solution were transferred to a 96-well plate and the activity of LDH was determined by following
the instructions of the commercially available Pierce LDH cytotoxicity assay kit from
ThermoFisher scientific (Waltham, MA, USA). The quantification principle of LDH is based on a
coupled enzymatic reaction consisting on the conversion of lactate to pyruvate with parallel
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reduction of NAD+ to NADH (Chan, Moriwaki, & De Rosa, 2013; Legrand et al., 1992). The
absorbance produced by the level of formazan and proportional to the amount of LDH was
measured at 490 and 680 nm (background signal) using a Synergy H1 microplate reader (BioTek,
Vermont, USA). The cell viability percentage was determined using the following equation:
𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) = 100 − 𝑐𝑦𝑡𝑜𝑡𝑜𝑥𝑖𝑐𝑖𝑡𝑦 (%)
6.2.10 Encapsulation efficiency (EE) and stability of nanotubes
Curcumin was entrapped into the nanotubes by suspending the freeze-dried powder (200 µg) in an
aqueous buffer solution (pH 4 or 7) containing 0.075 mg/ml of curcumin and following a procedure
described before (Sadeghi et al., 2013). The stock solution of curcumin (2 mg/ml) was dissolved
in DMSO at 25°C under magnetic stirring. Briefly, the nanotubes were mixed with the curcumin
solution for 1 h on an orbital shaker at 150 rpm (MaxQ 2000, ThermoFisher scientific, MA, USA).
The nanotubes were recovered by centrifugation at 5000 g for 10 min using a Sorvall Legend X1R
centrifuge (ThermoFisher scientific, MA, USA), and then freeze-dried. The absorbance in the
supernatant was measured at 425 nm (Synergy H1-Biotek, VT, USA), and converted to curcumin
concentration using a standard curve (R2=0.995) to obtain the free curcumin. A control for this
experiment consisted on performing a similar procedure on a curcumin solution without the
nanotubes. The EE (%) was calculated using the equation:

Encapsulation efficiency (%) =

Initial Cur. Conc. −Free Cur. Concentration
× 100
Initial Cur. Concentration

The stability of the LAC/CHI and BSA/CAR nanotubes was evaluated in DMEM culture medium.
The nanotubes (400 µg) were suspended with 1 ml DMEM in micro-centrifuge tubes and incubated
at 37°C for 4 days. Aliquots of 15 µl were collected after 6, 12 h and 1 day; followed by intervals
of 1 day until day 4. The aliquots were deposited directly on SEM studs and dried under vacuum
for 24 h for further analysis.
6.2.11 Curcumin release
From the freeze-dried loaded nanotubes, 200 µg were dispersed in 1 ml PBS (10 mM, pH 7.15)
and kept in the dark. At definite incubation times (2, 4, 6, 8, 10, 12, 24, 48 and 72 h), an aliquot of
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the supernatant (50 µl) was recovered by centrifugation (5000 g for 10 min) to estimate the released
curcumin. The solution was replenished with the same volume of PBS. The absorbance of the
recovered solution was measured at 425 nm and converted to curcumin concentration using a
standard curve. The percentage of released curcumin was determined using the equation:

Release Curcumin (%) =

𝐶𝑡
× 100
𝐶0

where Ct is defined by the amount of curcumin recovered at time t and C0 is the total amount of
released curcumin.
6.2.12 Statistical analysis
Each measurement was performed with three (3) replicates and the average and standard deviation
were reported. Two-way ANOVA was performed to study the effects of both the material of the
nanotubes and their diameters on Young’s modulus and transition force. Data analysis on cell
viability was also performed using a two-way ANOVA with a significance level of 0.05 and
Tukey’s test using SAS v9.4 software. In the results, the data sharing similar letters are not
significantly different.

6.3

Results and Discussion

6.3.1 ζ-potential of chitosan, α-lactalbumin, BSA and carrageenan
The ζ-potential of each polyelectrolyte was measured in the pH range of 4-10 as shown in Figure
51. The sign and magnitude of the zeta potential are very important because through these values
the strength of the electrostatic interaction and pairing can be estimated, given the fact that most
of the biopolymers or polyelectrolytes interact through these forces and they are significantly
important in the LbL deposition (He, Tian, Cui, Möhwald, & Li, 2008; Ho et al., 2015; Wang et
al., 2008).
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Figure 51. ζ-potential of edible polyelectrolytes in the range of pH from 4 to 10 (A). Comparison
of charge difference between CHI/LAC (B) and BSA/CAR (C) in the range of pH from 4 to 10.
Each data point corresponds to the mean and standard deviation from three replicates.
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The characterization of the ζ-potentials showed that both pairs of polyelectrolytes, CHI/LAC and
BSA/CAR, possessed largest opposite charges at different pH values. Both proteins, BSA and
alpha-lactalbumin, possess isoelectric points (pI) below neutral pH which allow them to have
ionizable groups that can be positively charged or protonated below their pI. The respective pIs
for BSA and LAC are around 4.9 and 4.2-4.6 (Kamau et al., 2010; Vinayahan et al., 2010); the
results shown in Figure 51 are consistent with those found in literature for BSA and LAC. Chitosan
and κ-carrageenan are two polysaccharides with the potential to interact electrostatically with LAC
and BSA, respectively. Chitosan is a cationic biopolymer that can easily interact with αlactalbumin, if the interaction is conducted above the isoelectric point of the protein (i.e ~pH 7).
As observed in Figure 51b, the largest ζ-potential difference for the combination of chitosan and
α-lactalbumin occurred at pH 7 with values of 11 mV and -18 mV, respectively; these results gave
an absolute difference of 29 mV. This pH value was chosen for the preparation of the individual
polyelectrolyte solutions and also fabrication of the nanotubes. At pH 7, chitosan behaved as the
cationic polyelectrolyte and α-lactalbumin behaved as the anionic polyelectrolyte capable of
electrostatically interact and form layers that lead to the fabrication of the nanotubes.
The ζ-potential results also showed that κ-carrageenan is negatively charged, with values
averaging -40 mV, in the pH range of 4-10. κ-Carrageenan can interact electrostatically with BSA
as long as the pH of the solutions is kept below the pI of BSA. The largest ζ-potential difference
for the combination of BSA and κ-carrageenan occurred at pH 4, with values of 19 mV and -41
mV, respectively, giving an absolute difference of 60 mV (Figure 51c). These are the optimal pH
conditions for an electrostatically driven interaction between these two biopolymers. In this system,
the protein BSA can behave as the cationic polyelectrolyte and κ-carrageenan can behave as the
anionic polyelectrolyte.
6.3.2 ITC results
The heat rates versus time profiles from the titration of α-lactalbumin into LMW chitosan and BSA
into κ-carrageenan at 25°C and pH 4 and 7 are shown in Figure 52a-c, respectively. Both titrations
were exothermic and the binding of each pair of biopolymers resulted in a typical sigmoidal-like
isotherm used to determine the binding enthalpy, Gibbs free energy and stoichiometry. The
interaction between α-lactalbumin and chitosan was mainly driven by non-specific electrostatic
interactions and the “one-site” model provided with the software Nanoanalyze was chosen (Figure
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52b) for the analysis of the binding process. This model was selected because the smooth sigmoidal
isotherm suggested that one polyelectrolyte (chitosan) is reacting directly with “n” ligands (αlactalbumin) and this interaction does not depend on anything other than the availability of both
molecules. In addition, the curve did not show a secondary thermodynamic event occurring during
the interaction, i.e. exothermic-endothermic transition as in the case of α-Lactalbumin-Lysozyme
interaction (Nigen, Croguennec, Renard, & Bouhallab, 2007), or two inflection points in the curve
usually indicating two types of independent binding sites. This latter condition was reported earlier
for the interaction of a polysaccharide and a small protein like pectin and β-lactoglobulin,
respectively (Girard, Turgeon, & Gauthier, 2003).

Figure 52. Thermogram of the titration of α-lactalbumin (20 mg/ml) into chitosan (0.10 mg/ml)
and BSA (3 mg/ml) into κ-carrageenan (0.15 mg/ml) at 25°C (A and C). The arrow indicates the
direction of the exothermic heat of reaction. Fitted isotherm using a one-site binding model, where
the circles (●) represent integrated data and the continuous line represents the calculated fitting of
the data as a function of LAC/CHI and BSA/CAR weight ratio (B and D). LAC/CHI were
dissolved in 10 mM phosphate buffer at pH 7, while BSA/CAR were dissolved in 0.2M acetate
buffer at pH 4.
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The fitting of the one-site model was estimated at a 95% confidence level after the subtraction of
the heats of dilution from the heats of complexation. The isotherm for the titration of α-lactalbumin
into chitosan showed high exothermic peaks at the beginning with constant decreasing heat values
after subsequent injections that can be attributed to a reduction of free chitosan in the reaction cell.
For the LAC/CHI system the enthalpy of interaction was estimated to be (∆H = -0.494 ± 0.04 kJ/g),
and entropy of interaction was estimated to be (TΔS = 19.85 ± 0.05 kJ/g) corresponding to a
binding Gibbs free energy of -20.34 ± 0.03 kJ/g which indicated the spontaneity of the interaction.
The binding between LAC and CHI was entropically driven with a small and favorable enthalpy
of interaction and the stoichiometry for this interaction (n value) shows that ~17.56 mg of LAC
per mg of CHI are needed to reach the saturation region. The interaction between LAC and CHI
is primarily driven by entropic contributions as suggested by the data. This is due to the high charge
density on chitosan which is forcing the LAC to unfold and denature to accommodate the charge
density on chitosan. The low enthalpy resulting from the interaction between LAC and CHI is
consistent with prior work where a readily cold water soluble chitosan glutamate (glutamic acid
makes the chitosan readily water soluble ) with a degree of deacetylation of 83% was used in
contrast to the chitosan with 85% deacetylation that was used in this study (Kasimova, VelázquezCampoy, & Nielsen, 2011) that was not conjugated with glutamic acid. They used the McGheevon Hippel and lattice model to fit their data because the single site model did not fit their data.
This model considers the macromolecule as a chain of repeating units where the ligand can bind
to overlapping binding sites. They found that the interaction between chitosan and α-lactalbumin
at 25°C was driven by electrostatic forces and inter-molecular interactions such as hydrophobic
and hydrogen bonding, which contributed to the stabilization of the complexes. This was due to
the presence of glutamate which facilitated the formation of hydrogen bonds once electrostatic
interactions pulled the molecules together. On the other hand, at 50°C, those stabilizing
intermolecular interactions were replaced by cooperative interactions between protein molecules
along the chitosan chain because at this higher temperature the secondary bonding interactions like
hydrogen bonding melted. The change in the type of interactions was caused by thermal changes
induced on the chitosan molecules.
Lee & Hong, (2009) studied the formation of coacervates of chitosan and α-lactalbumin at different
pHs without considering thermodynamics of interactions. Li & Zhao (2018) reported that low
molecular weight chitosan molecules preferred to surround the α-lactalbumin instead of alpha
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lactalbumin surrounding chitosan molecules but did not study the thermodynamics of interaction.
In comparison to the sodium alginate and β-lactoglobulin system which shows an enthalpy of
interaction of 4.01 ± 0.05 cal/g the enthalpy of interaction between LAC and CHI was lower
(Hosseini, Emam-Djomeh, Razavi, Moosavi-Movahedi, Saboury, Atri, et al., 2013).
Similarly, the interaction between BSA and κ-carrageenan was characterized using a one-site
model. The isotherm of BSA and CAR showed also a typical sigmoidal saturation curve related
with non-specific exothermic electrostatic interactions. The exothermic energy produced by each
of the first 10 injections was very similar, as can be observed in Figure 52d. The isotherm for
BSA/CAR showed a steeper ascent to the saturation region indicating a much stronger electrostatic
attraction between these two biopolymers. The ζ-potential difference of BSA/CAR (60 mV) was
much higher when compared to LAC/CHI (29 mV), as discussed in section 3.1. The plateau
observed after reaching the saturation point, where all the binding sites of κ-carrageenan were
occupied/saturated, indicated that the extra addition of BSA is isenthalpic and did not lead to any
other enthalpic events. Reaching the saturation region required 1.63 mg of BSA per mg of κcarrageenan. Similar exothermic responses have been reported for the interaction of βlactoglobulin/κ-carrageenan

(Hosseini,

et

al.,

2013),

lysozyme/carrageenan

and

ovalbumin/carrageenan (Souza, Souza, Heckert Bastos, & Garcia-Rojas, 2018). The fitted
isotherm (Figure 53b) using the one-site binding model estimated the enthalpy of interaction (∆H
= -6.14 ± 0.04 kJ/g), entropy (TΔS = 36.05 ± 0.02 kJ/g) and Gibbs free energy (∆G = -42.19 ±
0.02 kJ/g). These results indicated that the interactions between both polyelectrolytes was
spontaneous and entropically driven with a smaller, but favorable enthalpy of interaction. The
Gibbs free energy was much higher when compared to that reported for β-lactoglobulin and κcarrageenan (Hosseini et al., 2013). The entropic contribution for BSA/CAR was also substantially
higher demonstrating that this interaction is entropically driven and depends on the order-disorder
transition occurring in each molecule favoring their interaction. The difference is attributed to the
higher charge density of BSA when compared to β-lactoglobulin in acidic pH (~4) forcing the
order disorder transition in k-carrageenan. Given these ITC results, we can conclude that for these
two particular systems of protein/polysaccharide, LAC/CHI and BSA/CAR, the Coulombic
interactions constitute the main driving force for complexation which drive the buildup process of
the layer by layer by layer deposition in the nanotubes. The fact that the interaction between both
pairs of polyelectrolytes is instantaneous facilitates the formation of layers as the polyelectrolyte
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solutions are flowing through the PC template, especially if weight ratios between both
polyelectrolytes is kept at the high exothermic region, as demonstrated by ITC.
6.3.3 Fabrication of CHI/LAC and BSA/CAR nanotubes with 400, 600 and 800 nm
templates
During the deposition of the chitosan (0.5 mg/ml) and α-lactalbumin (1.0 mg/ml) at pH 7 a total
of 5 bilayers were deposited on the template with a pore size of 600 and 800 nm and 4 bilayers for
the 400 nm pore size. The membranes with a larger pore size allowed deposition of more layers,
which was expected because there was more room for the polyelectrolytes to flow and interact
before the membrane started to clog. In the SEM images it was observed that the outer surface of
the nanotubes was smooth. However, for some nanotubes the deposition of the polyelectrolyte
layers was not homogeneous throughout the length of the 400 nm pore size template, which in
some cases resulted in thicker walls around both ends of the nanotubes when compared to the
middle section. Mechanical damage was observed with some of the nanotubes probably caused
during the extraction from the membrane or deposition of the dried samples on the stud for SEM.
In general, the diameter and length of the extracted nanotubes were comparable with the
dimensions of the template used. The wall thickness for the nanotubes with 400 nm diameter was
around 81 ± 12 nm. The nanotubes fabricated with the 600 and 800 nm template were more
homogenous in thickness. The wall thickness of these CHI/LAC nanotubes was 97 ± 9 nm and
118 ± 16 nm, respectively. These average thicknesses were estimated using the measuring tool in
the SEM.
The nanotubes using κ-carrageenan and BSA were fabricated in different pH conditions. In this
case, both polyelectrolyte solutions were prepared using acetate buffer (200 mM) at pH 4 to avoid
any pH disparity. During their preparation, the polyelectrolyte solutions did not form any
aggregates that could eventually clog the template. The nanotubes fabricated with carrageenan and
BSA also had dimensions very similar to those of the template used. For this system of nanotubes
4-5 bilayers led a robust well-formed wall for the 400 and 800 nm pore size templates, as shown
in Figure 53c-d. The walls of the BSA/CAR nanotubes were thinner than those of CHI/LAC. The
wall thickness of BSA/CAR nanotubes were found to be 60 ± 9 nm, 67 ± 11 nm and 76 ± 13 nm
for the 400, 600 and 800 nm diameter nanotubes, respectively. In both nanotube systems it was
observed that smaller pore size templates created thinner walls.
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One of the challenges during fabrication of LbL nanotubes lies in the fact that in the wet state the
complexes may be swollen and may be restricting flow through the channel making it difficult to
add too many layers of polyelectrolytes. Other studies have reported that another challenge
involves the formation of a spider-web-like structure by deposited polyelectrolytes and the number
of cycles to form this structure depends mainly on the initial pore diameter of the template (Roy,
Dupont-Gillain, Demoustier-Champagne, Jonas, & Landoulsi, 2010); furthermore, the thickness
of the layers also depends strongly on pore diameter of the template and less on molar mass of the
polyelectrolytes. The thickness of the walls is proportional to the diameter of the template used
(Alem, Blondeau, Glinel, Demoustier-Champagne, & Jonas, 2007).
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Figure 53. Chitosan and α-lactalbumin nanotubes with 400 nm pore size (A) and 800 nm pore size
template (B). BSA and carrageenan nanotubes with 400 nm pore size (C) and 800 nm pore size
template (D). The nanotubes were fabricated using chitosan (1.0 mg/ml) and α-lactalbumin (2.0
mg/ml) dispersed in phosphate buffer at pH 7, while BSA (0.8 mg/ml) and κ-carrageenan (0.8
mg/ml) were dispersed in acetate buffer at pH 4. Both nanotubes were fabricated at a flow rate of
1.0 ml/min.
6.3.4 Atomic force microscopy
Figures 54a and d show representative AFM images of the topography of 600 nm LAC/CHI and
BSA/CAR nanotubes as well as the force maps and subsequent analysis performed for each of the
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samples. Figures 54b and e clearly show that the force maps obtained in contact mode during
approach and pull back of the probe from the specimen are representing the area where the
nanotube was located; the points in this area were denoted with a white color when compared to
the empty mica surface (dark spots). Similar contours were observed for all the six (6) types of
nanotubes in this study. The AFM images and XY raster pattern for all the nanotubes were acquired
under identical set point values (800 mV). The local force-distance curves led to estimation of the
local Young's modulus and transition force of the nanotubes’ walls (Figures 54c and f). The
individual force-deformation curves were fitted with Hertz’s model (Lin et al., 2006) using a
Poisson’s ratio of 0.5, which is typical for soft biological materials where incompressibility is
assumed (Yoo et al., 2014) and the slope of the linear region gave the Young’s modulus and the
transition from the linear to the no-linear region gave the transition force. Figure 55 shows the
Mean Young’s moduli obtained for each nanotube.

A

D

B

C

E

F

Figure 54. Atomic force microscopy analysis of an α-lactalbumin/chitosan and BSA/κ-carrageenan
nanotube with 600 nm diameter. 3D topography image of the area of interest containing a section
of the LAC/CHI (A) and BSA/CAR (D) nanotubes. Force mapping of the area of interest showing
a 16 force points by 16 force lines measurement (B and E). Transition force maps of the section of
the nanotubes (C and E) using contact mode and AtomicJ software.
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The nanotubes fabricated with LAC/CHI LbL deposition had a lower average Young’s modulus
compared to those fabricated with BSA/CAR LbL deposition. The nanotube diameter had a
significant effect on the force-deformation curves leading to the nano-mechanical properties of the
nanotubes because the average Young’s modulus was higher for those nanotubes fabricated with
400 nm diameter and decreased significantly when the nanotubes were fabricated at 600 and 800
nm diameter. The 400 nm nanotubes are more resilient than the 600 and 800 nm nanotubes and
the 600 nm nanotube is more resilient than the 800 nm diameter nanotube as expected. The wall
of the 400 nm nanotubes is more compact and the hollow space inside is the smallest.
It is interesting to note that the difference in Young’s modulus between the nanotubes of LAC/CHI
and BSA/CAR can be related with the ζ-potential difference and the magnitude of the enthalpy of
interaction. Prior research with self-assembled nanotubes from partially hydrolyzed α-lactalbumin
reported Young’s modulus values of 0.1 GPa and diameters of 21 nm (Graveland-Bikker, Schaap,
Schmidt, & de Kruif, 2006). These self-assembling α-lactalbumin nanotubes had a smaller
diameter and were stiffer than the LAC/CHI and BSA/CAR nanotubes studied here. Native type
1 collagen fibrils have been reported to have a Young’s modulus of 11-95 MPa (Panwar et al.,
2015), collagen myofibrils around 9441 kPa (Nyland & Maughan, 2000) and collagen–chitosan
scaffolds were found to have values of 3.69 2 kPa, but these scaffolds became stiffer when the
content of chitosan was increased (Zhu, Dong, Wejinya, Jin, & Ye, 2011).
The transition force of the nanotubes is shown in Figure 55b; this value represents the force of
transition from the linear to the non-linear part of the force deformation curve and is accurately
estimated from the point where the Hertz model can no longer fit the force deformation data. The
Hertz model characterizes the force deformation data in the linear (elastic) region (Hermanowicz
et al., 2014). In Figure 55b, it was observed that the nanotubes with an 800 nm diameter required
a larger transition force to reach the deviation from the Hertz’s model, confirming that the structure
of these nanotubes was less robust. BSA/CAR with 800 nm required an average force of 583 ± 19
nN to reach the indentation depth at which deviations from the Hertz’s model first appeared. On
the other hand, BSA/CAR nanotubes fabricated with 400 nm only required 295 ± 16 nN to reach
this state. Similar trends were observed for LAC/CHI nanotubes. The determination of the average
Young’s modulus and transition force of the nanotubes reported in this study gives us an insight
related to the axial stiffness and robustness of nanotubes fabricated with different diameters and
different protein/polysaccharide combination. Our findings showed that the polyelectrolytes used
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for the fabrication of the nanotubes had a high impact on the nano-mechanical properties.
Nanotubes fabricated with BSA/CAR were more robust than those fabricated with LAC/CHI, and
this can presumably be related with the larger difference between zeta potentials and higher
enthalpy of interaction between the biopolymers.
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Figure 55. Mean Young’s modulus (A) and Transition force (B) of α-lactalbumin/chitosan and
BSA/κ-carrageenan nanotubes fabricated with 4 bilayers at different diameters using AFM. Each
data point corresponds to the mean and standard deviation from three replicates. Means with the
same letter (a-c) are not significantly different within LAC/CHI or BSA/CAR and those with
similar letter (A-E) are not significantly different among the treatments (p<0.05).
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6.3.5 Stability of nanotubes, loading and release of curcumin
The nanotubes of LAC/CHI with 800 nm diameter showed structural stability in PBS for ~ 4 days
at 37 °C. After day 1, it was observed that the structure of the nanotubes did not have much
variation, however, the nanotubes collected on day 3 presented visible damages on their structure
and their walls seemed thinner. On day 4, the majority of the collected nanotubes had dissociated,
and the SEM images showed a considerable damage (Figure 56). On the other hand, BSA/CAR
nanotubes with similar diameter were less stable than the nanotubes formed with LAC/CHI and
this may be because the electrostatic interaction between these former biopolymers was stronger
in acidic pHs. BSA/CAR nanotubes showed considerable damage after day 1, indicating that they
were less stable when dispersed in PBS (Figure 57). This accelerated disruption of the nanotubes
could have an effect on the rapid release of curcumin as shown in Figure 58.
The entrapment/encapsulation efficiency of curcumin as a model of a hydrophobic bioactive
molecule in the nanotubes was evaluated. The entrapment/encapsulation efficiency of LAC/CHI
nanotubes was found to be 36.9 ± 1.8% with a loading capacity (LC) around 0.14 mg of curcumin
per mg of nanotubes. On the other hand, BSA/CAR nanotubes were capable of loading 0.175
mg/mg with optimal encapsulation efficiencies around 46.7 ± 3.4% for curcumin. Both nanotube
systems were fabricated with the interior and exterior layers containing the protein molecules with
the purpose of increasing the loading capability of a hydrophobic molecule like curcumin in the
nanotubes. It is known that proteins have intrinsic hydrophobic pockets or groups that can interact
with hydrophobic molecules, such as curcumin. The higher encapsulation efficiency obtained with
the BSA/CAR could be related with the larger number of hydrophobic groups found in BSA
(Bujacz, Zielinski, & Sekula, 2014) when compared to α-lactalbumin (Pike, Brew, & Acharya,
1996). Interestingly, α-lactalbumin has been found to bind with vitamin D3 via hydrophobic
interactions (Delavari et al., 2015) and curcumin through interactions with tryptophan residues at
a stoichiometry (n) of 1.20 using spectroscopic analysis, or one molecule of curcumin per molecule
of protein (Mohammadi & Moeeni, 2015). These encapsulation efficiencies and loading capacities
of the nanotubes were very similar with those reported previously for BSA/poly-D-lysine
nanotubes (Sadeghi et al., 2013) or other systems such as chitosan-coated curcumin liposome that
reported encapsulation efficiencies around 40-50% (Y. Liu, Liu, Zhu, Gan, & Le, 2015). However,
other researchers have been able to improve the encapsulation efficiencies of curcumin to values
up to 95% using lactoferrin-glycomacropeptide nanohydrogels (Bourbon, Cerqueira, & Vicente,
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2016) and around 83% for freeze-dried sodium caseinate (NaCas) nanoparticles (Pan, Zhong, &
Baek, 2013).
The in vitro release profiles of curcumin in physiological conditions are shown in Figure 58. Both
nanotube formulations presented a different release behavior. BSA/CAR nanotubes presented a
progressive release of curcumin with a “burst effect” that achieved about 35% release during the
first 2 h and more than 80% after 12 h. This rapid release could be related with the degradation of
BSA/CAR nanotubes in these physiological conditions. A dual-stage release was observed for the
LAC/CHI nanotubes with an initial release of 25% of the encapsulated curcumin within 2 h and
40% after 4 h, followed by a linear releasing to achieve 70% after 24 h similar to the release profile
observed by Jiang, Mo, & Yu, (2012) using PVP/zein nanofibers. In the case of BSA/CAR
nanotubes, more than 50% of curcumin was released during the first 4 h compared to 30-35%
release from LAC/CHI. In both systems, most of the curcumin was released within 48 h. The
sustained release of curcumin from LAC/CHI was consistent with those reported for curcumin
nanoliposomes (Chen et al., 2015), however, the release profiles for the nanotubes was faster than
other encapsulation systems found in the literature and this could be attributed to the dismantling
of the nanotubes during their dispersion in physiological conditions because the electrostatic forces
that are holding them together make a transition where the charge on each molecule is similar at
these pHs and the attractive forces disappear.

Figure 56. In vitro cumulative release of curcumin (%) from LAC/CHI (■) and BSA/CAR (▲)
nanotubes in phosphate buffer (pH 7.15) at 37°C.
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6.3.6 In vitro cytotoxicity of nanotubes and curcumin-loaded nanotubes and LDH assay
HeLa cells were adopted to assess the cytotoxicity of nanotubes and curcumin-loaded nanotubes.
The nanotubes of LAC-CHI and BSA/CAR did not show any obvious cytotoxicity up to the higher
concentration (300 μg/ml), or the different nanotube diameters (Figures 57a-b). The inhibition of
cell survival was below 10%, excluding the toxicity effects of the nanotubes.

Figure 57. Viability of HeLa cells exposed to different concentrations of blank LAC/CHI (A) and
BSA/CAR (B) nanotubes.

168
Very few studies have reported the viability of LbL nanotubes fabricated with biopolymers. The
viability of ALG/CHI tubes was reported to be around 85% on HeLa cells after 48 h incubation,
also indicating a low cytotoxicity (Yang et al., 2007). Taken together, these results showed the
safety and biocompatibility of the LAC/CHI and BSA/CAR nanotubes (Vergaro et al., 2010).
HeLa cells were also treated with curcumin crystals dissolved DMEM, curcumin pre-dissolved in
DMSO and diluted to final concentrations of 10, 20, 30 and 60 μg/ml or curcumin-loaded in the
nanotubes (200 μg/ml) at similar concentrations of curcumin. The viability of cells after 48 h
treatment with different concentrations of curcumin crystals dispersed in DMEM was not affected
significantly; however, when curcumin was pre-dissolved in DMSO, the viability of HeLa cells
showed a significant reduction that was concentration-dependent and decreased to values around
70-75% for the higher concentration of 60 μg/ml. These results for the pristine curcumin crystals
were expected because the solubility of curcumin in aqueous solutions is very low (Kurita &
Makino, 2013). Moreover, the final concentration of DMSO used was below 0.5 (v/v) % and HeLa
cells viability was not affected with this amount of DMSO. As reported previously, when the
concentration of DMSO was below 0.5% in the cell culture, HeLa cells cytotoxicity was not
observed (Maury et al., 2009); meaning that the effect of DMSO on the differences of the predissolved curcumin can be ignored. With the curcumin-loaded LAC/CHI and BSA/CAR
nanotubes, independently on the nanotubes size, there was a concentration-dependent trend and no
apparent difference between the two types of nanotubes was observed (Figure 58 a-b). As the
curcumin concentration increased, the percentage of cell viability decreased, showing cell viability
values near 100% when the concentration of curcumin was 10 μg/ml and decreasing near 60-65%
when the concentration of encapsulated curcumin was 60 μg/ml. Our results revealed that the
curcumin-loaded nanotubes showed significantly higher cytotoxicity efficacy against HeLa cells
compared to free curcumin pre-dissolved in DMSO after 48 h of incubation (P < 0.05). These cell
viability results were higher than those values reported for other delivery systems with similar
biopolymers such as curcumin-loaded chitosan–alginate (Ahmadi et al., 2017) where they obtained
viability percentages around 25% for curcumin concentrations of 50 μg/ml. These differences
could be due to the fact that LAC/CHI and BSA/CAR have a larger size that could restrict its rapid
and efficient internalization and subsequent delivery of curcumin into the cells (Zaman et al., 2016).
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Figure 58. Viability of HeLa cells exposed to different concentrations of free and encapsulated
curcumin delivered using LAC/CHI (A) and BSA/CAR (B) nanotubes of different diameters. Error
bars are ± standard deviation (n = 3). Means with the same letter (a-i) are not significantly different
(p<0.05).
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6.3.7 Conclusions
The combinations of α-lactalbumin/chitosan as well as BSA/carrageenan were successfully used
as biopolymer polyelectrolytes to form edible bionanotubes at pH 7 and 4, respectively. At these
pH conditions, both pairs of polyelectrolytes had zeta potentials of opposite signs enabling strong
electrostatic interactions to occur. Also, ITC showed that the binding between LAC and CHI was
mostly entropically driven with a favorable enthalpy of interaction that required about 17.56 mg
of LAC per mg of CHI to reach the saturation region. Similarly, the isotherm from the interaction
of BSA and κ-carrageenan showed an exothermic response that was helpful to determine that the
interactions between both polyelectrolytes were spontaneous and entropically driven with a small
but favorable enthalpy of interaction. These spontaneous interactions facilitate the formation of
bilayers while the polyelectrolyte solutions are flowing through the PC template. A total of 4
bilayers were deposited onto CHI/LAC or BSA/CAR nanotubes using continuous flow at 1.0
ml/min and templates with pore size of 400 nm, and 5 bilayers were deposited onto the nanotubes
fabricated with 600 and 800 nm pore size. The AFM results showed that the mechanical properties
of these nanotubes were affected by their diameter as well as the type of polyelectrolytes used
during their fabrication. BSA/CAR nanotubes were more robust than nanotubes fabricated with
LAC/CHI. The entrapment ability of these nanotubes was evaluated using curcumin. In both cases,
the entrapment efficiencies achieved were in the range of 40-45%. LAC/CHI nanotubes showed a
fairly good stability when dispersed in physiological pH conditions. These nanotubes preserved
their tubular structure for two days, while the structure of the BSA/CAR nanotubes was disrupted
after day 1. This degradation of both systems had an impact on the release profiles of curcumin.
The nanotubes of LAC-CHI and BSA/CAR did not show any obvious cytotoxicity on HeLa cells,
up to the higher concentration evaluated (300 μg/ml). Also, pristine curcumin crystals dispersed
in DMEM did not show toxicity effects on HeLa cells and this can be attributed to the poor aqueous
solubility of curcumin. On the other hand, when curcumin was pre-dissolved in DMSO and diluted
in DMEM to a final concentration of 0.5% DMSO (v/v), then curcumin itself showed a
concentration dependent cytotoxicity with cell viability values around 70-75% for the higher
concentration of 60 μg/ml. Moreover, curcumin-loaded nanotubes also exhibit a concentrationdependent toxicity on HeLa cells with no apparent differences between the two types of nanotubes
or their diameter. The cell viability values obtained were near 60-65% when the concentration of
encapsulated curcumin was 60 μg/ml.
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CONCLUSIONS AND FUTURE DIRECTIONS

7.1

Overall conclusions

Encapsulation strategies of curcumin have been investigated through the development of different
models of carriers. While the development of single biopolymer micro- and nanoparticles,
combination of two or more biopolymers to produce coacervates or polyelectrolytes complexes
(PECs) has been investigated, there is limited work on the development and characterization of the
properties of layer-by-layer (LbL) nanotubes. These latter nanodelivery systems offer advantages
like flexibility in shape, chemistry and surface properties; good stability, the ability to load more
bioactives and being fabricated as pH-responsive materials.
Fabrication of coacervates, PECs and LbL nanotubes involves electrostatic interactions and
complementary base pairing. However, a knowledge gap existed in the ability to understand the
role of these interactions in the fabrication and stability of these particles with controlled surface
properties and to encapsulate bioactives. Overall, the effects of molecular weight, molar charge
ratios, order of addition, and rate of addition were not well understood. The aims of this dissertation
research were focused on studying the role of these parameters on the optimal fabrication of
different nanodelivery systems including natural biopolymers such as protein nanoparticles,
protein/polypeptide coacervates, polysaccharide/polysaccharide PECs and protein/polysaccharide
nanotubes with different diameters.
In Chapter 2, two proteins commonly consumed in food products such as α-lactalbumin in milk
and ovalbumin in eggs, were used to produce sub-100 nm scale nanoparticles. These high-quality,
spherical and homogenous in size nanoparticles were fabricated using the desolvation method.
Their fabrication was optimized by studying the effect of acetone, methanol or ethanol as
desolvating agent, the water to desolvating agent volume ratios, and protein solution temperature.
By optimizing these parameters, sub-100 nm ovalbumin particles were produced for the first time
and high-quality α-lactalbumin particles were achieved without using many separation steps and
accomplishing stability during storage at 4 °C for 30 days. Dynamic light scattering (DLS) and
electron microscope (SEM, TEM) images confirmed that ethanol and methanol both produced
OVA nanoparticles smaller than 100 nm, while methanol achieved the smallest α-LA
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nanoparticles. In general, the findings in this chapter provide information on choosing operational
parameters to produce nanoparticles with desired characteristics using the desolvation method.
In chapter 3, a combination of bovine serum albumin (BSA) and poly-D-lysine (PDL) allowed the
formation of soluble coacervate particles in the range of 200-300 nm and approximately spherical
in shape. When low molecular weight (LMW) PDL was used, the effective diameter of the
particles was smaller. In this study, the results showed that particle size and polydispersity index
(PDI) were dependent on the mixing ratio, molecular weight of PDL, pH, and salt concentration.
Taken all together, a favorable window to fabricate coacervate nanoparticles was achieved and the
particles produced were able to encapsulate curcumin at efficiencies between 46.7 and 54.8% for
the 0.5 and 1.5 curcumin to BSA ratio, respectively. The encapsulation efficiency of curcumin
increased to 60% when the curcumin to BSA ratio was 10. The curcumin loading capacities
obtained with these particles ranged from 3.1 µg/mg to 22 µg/mg.
In the chapter 4, the interactions between biopolymer polyelectrolytes were studied more in detail
and the effect of molar charge ratio and order of addition on the particle size and zeta potential
was evaluated using chitosan as the polycation and sodium alginate as the polyanionic biopolymer.
In this chapter, isothermal titration calorimetry was employed to estimate the thermodynamic
parameters of the interaction between the chitosan and sodium alginate. The interaction between
chitosan and sodium alginate showed that their stoichiometry and enthalpy of reactions were
strongly affected by the order of addition. The order of addition results showed that smaller PECs
were obtained when alginate was added into chitosan reflecting the higher order in the particles
and the reverse was observed when chitosan was added into alginate. In general, the results suggest
that the addition of the polyanion (alginate) into the polycation (chitosan) resulted in stronger
interactions as characterized by the larger enthalpy and entropy of complexation. Alginate in
chitosan particles were the smallest at the charge ratio of 0.1, with particle sizes ranging 100 to
250 nm as detected with DLS and SEM. When the charge ratio was close to 1 (electrical neutrality),
the particles sizes increased to one micron and larger, resulting in aggregation between particles
because of charge neutrality.
In chapter 5, the constitutive interactions between two biopolymer polyelectrolytes and their ability
to form multiple nanolayers in confined spaces was studied. The fundamental manufacture
parameters that govern the formation of the nanolayers and eventually the fabrication of well-
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defined and stable nanotubular structures was evaluated and optimized using BSA and sodium
alginate as the biopolymer polyelectrolytes. The template-assisted layer-by-layer technique was
employed to control the deposition layout of the biopolymers as well as the dimensions of the
nanotubes formed. The thermodynamics of interaction at different pH conditions and the growth
of layers in templates with different pore sizes was studied using calorimetry, dynamic light
scattering and high-resolution microscopy techniques. More importantly, it was found that the
formation of nanotubes occurred in a very narrow window of operational parameters with a strong
influence of the pH of the solutions, rate of addition, biopolymers ratio and biopolymers
concentration on the optimal fabrication of nanotubes. Nanotubes with diameters of 200, 400, 600
and 800 nm were successfully fabricated at a rate of addition of 1.0 ml/min and biopolymers
concentrations of 0.8 mg/ml and 0.6 mg/ml for BSA and alginate, respectively at pH 3 and 4. We
concluded that the formation of nanotubes was non-trivial and we suggested that these optimal
conditions for the fabrication of nanotubes could be applied to different combinations of
biopolymers polyelectrolytes, as will be discuss in chapter 6. The findings in this chapter are very
relevant because it provides detailed information about the parameters that affect the
manufacturability of nanotubes.
In chapter 6, the know-how obtained in chapter 5 was employed to successfully fabricate
nanotubes using the combinations of α-lactalbumin/chitosan as well as BSA/κ-carrageenan at pH
7 and 4, respectively. In this study, the interactions between both pairs of polyelectrolytes were
carefully evaluated using ITC and it was found that the binding between LAC and CHI was mostly
entropically driven with a favorable enthalpy of interaction. Likewise, the interaction between
BSA and κ-carrageenan was also entropically driven with a favorable but small enthalpic
component. In both cases, the Gibbs free energy showed that the interaction between both pairs of
polyelectrolytes was spontaneous and this facilitated the formation of bilayers while the
polyelectrolytes solutions were flowing through the PC template. The morphology, topography
and nano-mechanical properties of these nanotubes were characterized by SEM and AFM. The
SEM images showed the formation of well-defined nanotubular structures, while AFM confirmed
the fabrication of nanotubes and showed that the nano-mechanical properties of these nanotubes
were affected by their diameter as well as the type of polyelectrolytes used. BSA/CAR nanotubes
were more robust than nanotubes fabricated with LAC/CHI. These nanotubes were also used to
entrap/encapsulate curcumin and it was found that both nanotube systems achieved curcumin
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entrapment efficiencies in the range of 40-45%. When HeLa cells were treated with empty
nanotubes, no cytotoxicity was observed at concentrations up to 300 μg/ml. However, with
curcumin-loaded nanotubes, the cytotoxicity was curcumin concentration-dependent with cell
viability values around 60-65% for the higher concentration of 60 μg/ml.

7.2

Future directions

More research can still be performed to understand the mechanisms of aggregation of single
proteins to form nanoparticles at particular conditions. Ovalbumin and α-lactalbumin
demonstrated to be excellent candidates for the fabrication of sub-100 nm particles, however, there
is still need to evaluate their encapsulation capacity of bioactive compounds, their stability in
different pHs and temperatures as well as and their delivery and release of the encapsulated
compounds. Curcumin could be used as a model of hydrophobic bioactive. In addition, the
cytotoxicity of these single protein nanoparticles, soluble coacervates or PECs should also be
evaluated because this will always be a concern when nanotechnology techniques are used in the
Food Science field. Additionally, due the high hydrophobicity of curcumin, and after evaluating
the encapsulation efficiencies of all these potential nanocarriers discussed in this dissertation, more
studies should be conducted to understand the solubility of curcumin during encapsulation and its
delivery. Permeability assays using Caco-2 cells should be part of future research to continue
understanding the bioaccessibility and bioavailability of curcumin. More cytotoxicity assays
should also be performed using different models of cells to target different diseases. More
importantly, one of the biggest challenges that these technologies have is their scale-up fabrication
and applicability in real world scenarios either as part of a food product or as a delivery system in
pharmaceutical applications.
With the application of AFM to determine the nano-mechanical properties, there is a lot of room
to investigate the properties of these different particles and probably correlate these results with
the conformational changes that the proteins or polysaccharides undergo as well as the strength of
the binding in the case of PECs and LbL nanotubes. Furthermore, the nano-mechanical properties
of the nanotubes could also be evaluated using only one (1) bilayer, two (2) or three (3) bilayers
to understand how the deposition of the nanolayers improves the robustness of the nanotubes
during the building-up process.
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APPENDIX A – PUBLISHED ABSTRACTS

Etorki, A. M., Gao, M., Sadeghi, R., Maldonado-Mejia, L. F., & Kokini, J. L. (2016). Effects of
Desolvating Agent Types, Ratios, and Temperature on Size and Nanostructure of Nanoparticles
from α-Lactalbumin and Ovalbumin. Journal of Food Science, 81(10), E2511–E2520.
https://doi.org/10.1111/1750-3841.13447

In this study, we compare the preparation of ovalbumin (OVA) and α‐lactalbumin (α‐LA)
nanoparticles using different desolvating agents (ethanol, acetone, and methanol) and water:
desolvating agent volume ratios (1:3, 1:4, 1:5, 1:10, and 1:20). Also the effects of protein solution
temperature (25, 50, and 80 ℃) on the size of nanoparticles and the stability of crosslinked
nanoparticles for 30 d were studied. OVA and α‐LA were shown to be good candidates for
nanoparticulation and nanoparticles in the range of 60 to 230 nm were obtained. The comparison
between the 2 proteins offers guidance to optimize OVA and α‐LA nanoparticle fabrication and to
efficiently obtain nanoparticles with desired characteristics. The particle sizes of OVA
nanoparticles were found to be in the range of 60 to 160 nm, and the particle sizes of α‐LA were
between 150 and 230 nm. The sizes varied with different desolvating agents: for OVA, ethanol,
and methanol both produced nanoparticles smaller than 100 nm; for α‐LA, methanol produced the
smallest nanoparticles. Water: desolvating agent ratios, in the studied range, did not show a
significant effect on the particle sizes for both OVA and α‐LA nanoparticles. The size and
morphology of the nanoparticles were found to change when the protein solutions were heated up
to 50 and 80 ℃ and cooled down before nanoparticulation and most nanoparticles had a smaller
diameter.
Keywords: α-lactalbumin, desolvation, nanoparticles, ovalbumin, particle size distribution.
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Maldonado, L., Sadeghi, R., & Kokini, J. (2017). Nanoparticulation of bovine serum albumin and
poly-d-lysine through complex coacervation and encapsulation of curcumin. Colloids and Surfaces
B: Biointerfaces, 159, 759–769. https://doi.org/10.1016/j.colsurfb.2017.08.047

Soluble coacervate nanoparticles were fabricated by mixing bovine serum albumin (BSA) and
poly-d-lysine with low (LMW-PDL) and high molecular weights (HMW-PDL). The particle size
was influenced by molecular weight, mass ratio of polyelectrolytes (PEs), and salt concentration.
The smallest nanoparticles had a diameter of 212 ± 11 nm which was achieved with LMW-PDL
dissolved with 0.1 M NaCl at pH 7 and a mass ratio of 2.0 (BSA: PDL). SEM images showed that
coacervate nanoparticles of LMW-PDL are relatively spherical in shape, while nanoparticles of
HMW-PDL were irregular. Crosslinking of the protein/polypeptide with glutaraldehyde had
variable impact on the stability and particle size over 21 days at 4 and 25 °C. The encapsulation
efficiency (EE) for curcumin to BSA molar ratio of 0.5 was 47%. The EE increased to 60% when
the curcumin to BSA molar ratio was 10 with a loading capacity of 22 μg of curcumin per mg of
coacervate nanoparticles. The average particle size of the loaded colloidal dispersions increased
as the curcumin concentration was increased. For the colloidal dispersions with 0.5 molar ratio of
curcumin to BSA, the particle size was around 204 ± 14 nm at day 1, while the nanoparticles with
molar ratio of 10 showed a particle size around 316 ± 43 nm. The curcumin loaded BSA:LMWPDL nanoparticles were pretty stable over a period of 21 days.
Keywords: Soluble coacervate nanoparticles, Polyelectrolytes, Electrostatic interactions,
Coacervation method, DLS, Curcumin encapsulation, SEM, Biopolymers, Colloid nanoparticles.
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Maldonado, L., & Kokini, J. (2018). An optimal window for the fabrication of Edible
Polyelectrolyte Complex Nanotubes (EPCNs) from bovine serum albumin (BSA) and sodium
alginate. Food Hydrocolloids, 77, 336–346. https://doi.org/10.1016/j.foodhyd.2017.10.010

Edible polyelectrolyte complex nanotubes (EPCNs) were assembled with the alternate layer-bylayer (LbL) deposition technique using bovine serum albumin (BSA) as positively charged
biopolymer and sodium alginate as negatively charged biopolymers. The specific manufacturing
conditions that led to the formation of defined and stable nanotubular structures were studied.
Dynamic light scattering (DLS) and isothermal titration calorimetry (ITC) were used to study the
ability of a protein and polysaccharide to interact and form nanotubes. These methods also offer
insights into the types of interactions occurring between these two biopolymers. ITC
measurements indicated that electrostatic interactions between BSA and sodium alginate were
predominant at pH 3–4, while a strong electrostatic repulsion occurred at pH 6–7. This was also
correlated by zeta potential measurements that showed opposite charges for these two biopolymers
at acidic pH and similar charges at neutral pH. The ability of a protein and polysaccharides to
interact and form nanotubes were studied with the assistance of polycarbonate (PC) templates
(pore diameters: 200, 400, 600 and 800 nm). Other assembly parameters, including ratio and
concentration of biopolymers, rates of addition, and stability at different pH values were also
studied. It was possible to form stable EPCNs with diameters of 200, 400, 600 and 800 nmtemplate. The wall thickness that leads to the most stable EPCN is 4 bilayers [(BSA/ALG)4] with
a rate of addition of 1.0 ml/min and biopolymers concentrations of 0.8 mg/ml and 0.6 mg/ml for
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BSA and alginate, respectively. The morphology, outer diameter, thickness of the wall and length
of the freeze dried EPCNs were characterized with SEM. The SEM images showed that
(BSA/ALG)1 and (BSA/ALG)2 yield a weaker EPCN whereas (BSA/ALG)3 yields a more robust
wall thickness.
Keywords: Edible polyelectrolyte complex nanotubes, Layer-by-layer deposition technique, Zeta
potential, ITC, DLS.

